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Abstract 
 
Coordination properties of 4-bromo-N-(diethylcarbamothioyl)benzamide (Hbeb) and 
4-bromo-N-(diphenylcarbamothioyl)benzamide (Hbpb) with oxorhenium(V) and 
rhenium(I) are reported and discussed.  Transition metal complexes of these ligands 
were studied due to the wide range of applications of thiourea derivatives in 
biological fields. N-[Di(alkyl/aryl)carbamothioyl]benzamide derivatives readily 
coordinate to metal ions as O,S-donors and the catalytic property of the complexes 
can be altered by these ligands, due to steric and electronic properties provided by 
various substituents. 
 
The coordination possibilities of curcumin with rhenium(V) are discussed, as well as 
the difficulties encountered.  Analogues of curcumin have been made, which also 
contains a seven-spacer unit between the phenyl rings, which would be more 
reactive and more effective in bonding to rhenium and which have greater or a 
similar biological activity to curcumin.   This was done by assessing the coordination 
properties of 1,5-bis(salicylidene)thiocarbohydrazide (H4salt) and 2,4-
bis(vanilidene)thiocarbohydrazide (H4vant) with oxorhenium(V) and rhenium(I) 
starting materials. 
 
Two rhenium(V) complex salts of the core [ReX(PPh3)2]
4+ (X = Br, I), containing a 
coordinated imido nitrogen, are reported.  One is a ‘2+1’ complex, coordinating  bi- 
and monodentately, with the other a similar ‘3+0’ complex containing a tridentate 
imido-coordinated Schiff base. 
 
Selected compounds were tested against oesophageal cancer cell lines in order to 
evaluate and compare their effectiveness in eliminating or reducing the cancer cells 
in the test medium during biological testing. 
 
Keywords: Rhenium, curcumin, thiol, bidentate, tridentate, benzamide, thiourea, 
thiocarbohydrazide, imido 
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Supplementary data for all the crystal structures that were determined in this study 
are stored on the compact disk that is included in this dissertation (attached to the 
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 Final coordinates and equivalent isotropic displacement parameters of the 
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 Contact distances; 
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Chapter 1 
 
Introduction 
 
1.1 General Background 
 
The increased current activity in the coordination chemistry of rhenium is mainly due 
to the application of technetium and rhenium radioisotopes in diagnostic and 
therapeutic nuclear medicine respectively [1].  Technetium-99m is a very desirable 
radionuclide in diagnostic nuclear medicine, due to the fact that it emits a gamma ray 
of optimal energy (140keV), has a suitable half-life (6 h) and availability from 99Mo–
99mTc generator systems [2].  The similar chemistry between technetium and 
rhenium facilitates the development of 186/188Re compounds as therapeutic agents in 
nuclear medicine [3].  Even though the physical properties of rhenium and 
technetium are similar, rhenium complexes are more kinetically inert and easily 
oxidized, compared to technetium [4]. 
 
Rhenium has an extensive range of oxidation states, ranging from –I to +VII, and 
these readily interconvert under mild conditions [5].  The most common of these 
states is that of +VII, and can be obtained by the mild oxidation of the metal in the 
presence of oxidizing agents like nitric acid.  Disproportionation of the oxidation 
states V and VI readily occurs to give Re(VII) and Re(IV). The coordination chemistry 
of rhenium in higher oxidation states is dominated by oxido complexes. Re(V) can be 
easily stabilized by a large variety of ligands and can also be characterized by 
various metal cores: oxo [ReVO]3+, dioxo [ReVO2]
+, dinuclear oxo-bridged [ReV2O3]
4+ 
[6], nitrido [ReVN]2+, imido [ReVNR]3+, amido [ReVNHR]4+, hydrazino [ReV(HxNNR)n]
m+ 
and sulfido [ReVS]3+. The oxo cores are all related to each other by 
hydrolysis/condensation, and/or protonation/deprotonation reactions. They are 
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therefore very flexible and form stable complexes with ligands of various steric and 
electronic demands. 
 
1.2 Aim and Motivation of Study 
 
The rhenium isotopes 186/188Re are beta emitters, and can be used for therapy in 
nuclear medicine in order to treat certain cancers.  Rhenium radiopharmaceuticals 
are based on existing 99mTc analogues because of similarities in chemical behaviour 
(size, dipole moment, shape, lipophilicity, formal charge, etc.) of these elements.  
Another advantage is that these similar physical properties cannot be distinguished 
by biological systems, and therefore the analogous technetium and rhenium 
complexes are expected to share the same biodistribution pattern [7]. 
 
The coordination and radiopharmaceutical chemistry of rhenium can only be 
advanced by the synthesis of novel rhenium compounds which can explore the effect 
of geometry, pendant groups, molecular weights, charge and size of these 
complexes on their biodistribution.  Research efforts initially concentrated mainly on 
the oxidation state +V to advance the development of stable radiopharmaceuticals, 
since it is readily obtained from perrhenate and can be stabilized by a large variety of 
ligands. 
 
Re(I) complexes containing the tricarbonyl core has an advantage of being kinetically 
and thermodynamically inert. The nature of the coordinated ligand, and the 
characteristics of Re(I), dictate the redox activities and spectroscopic characteristics 
of Re(I) complexes, and therefore the characteristics of Re(I) compounds can be 
adjusted by varying the identity of the ligand [8]. 
 
Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is a 
chemical which incorporates several functional groups, and which is suspected to 
have therapeutic effects against certain types of cancer.  The diketone can form 
stable enols and is easily deprotonated to form enolates, where nucleophilic addition 
can take place.  The derivatization of curcumin and the bonding of these derivatives 
to rhenium in oxidation states I and V to produce new complexes may produce new 
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anti-cancer agents.  The chemical backbone of curcumin, with its 7-spacer unit 
between phenyl rings, is a major part of finding alternatives to curcumin for 
coordination to Re(I) and (V). This will be accomplished by Schiff-base derivatives, 
resulting in increased coordination sites within one ligand, and also by thiol 
derivatives which will give a S,O bonding possibility instead of the diketone present 
in curcumin. 
 
The complexes and ligands produced will be tested against various cancer cell lines 
in order to determine their effectiveness and to determine whether they have an 
increased activity compared to that of curcumin.  
 
1.3 Rhenium Radiopharmaceuticals 
 
1.3.1  Rhenium radionuclides 
Radiopharmaceuticals are drugs containing a radionuclide, and they are used in 
nuclear medicine for the therapy or diagnosis of various diseases. The majority of 
radiopharmaceuticals are administered intravenously. Metallic radionuclides are of 
interest for the development of radiopharmaceuticals due to their wide range of 
nuclear properties and their extensive coordination chemistry. 99mTc 
radiopharmaceuticals are most widely used for diagnostic nuclear medicine [4]. 
 
Due to the β emitting isotopes 186Re and 188Re being analogous to diagnostic 
radiopharmaceuticals based on 99mTc, they are logical choices on which therapeutic 
radiopharmaceuticals can be based. The chemistry of rhenium is however different 
from that of technetium so that the advancement of the Re radiopharmaceuticals 
often cannot be predicted on the known chemistry and biological behaviour of 99mTc.  
The relevant chemical differences involve 
 the higher stability of higher oxidation states of Re, therefore reduced Re 
radiopharmaceuticals can undergo reoxidation to perrhenate; 
 greater substitution inertness of reduced Re complexes [9]. 
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1.3.2  Production and properties of rhenium radionuclides 
A combination of two non-radioactive isotopes of rhenium, 185Re and 187Re, occur 
naturally.  The radionuclides 186Re and 188Re are of interest in nuclear medicine [10]. 
186Re is reactor-produced by the irradiation of 185Re with neutrons (185Re (n, γ) 
186Re), and the yield will depend on the amount of Re in the target, the energy of the 
neutrons available, and the neutron reflux.  188Re can be prepared either from the 
nuclear reaction (187Re (n, γ) 188Re) or from the 188W – 186Re generator [4]. 186/188Re 
is used for radiotherapy, whereas technetium is extensively used for diagnostic 
nuclear medicine [11].  This is due to the nuclear properties of the two isotopes 
shown in Table 1 [12]. 
 
Table 1.1: Rhenium radionuclide properties. 
Re-isotope Half-life β (MeV) Range (nm) Eγ (keV) 
186Re 90 1.07 5 137 
188Re 16.98 2.12 11 155 
 
Both β- emitters possess optimum energies and half-lives which allow an effective 
energy transfer to cancer tissue [8]. The biodistribution can be monitored by the 
same gamma-ray camera, due to the photon emission of the rhenium radionuclides 
being similar to that of the technetium. 186Re can be used for small tumours due to its 
range of 5 mm and 188Re, with a larger 11 mm range, can be used for larger tumours 
[10]. 
 
1.3.3  Development of rhenium radiopharmaceuticals 
The biodistribution of therapeutic agents is determined by the charge, size and 
lipophilicity of the complex.  Technetium complexes are used to study major organs 
and there are few examples of rhenium complexes which have the required 
specificity to be used for treatment of cancers and other therapies [10]. 
 
The development of 186Re-etidronate (186Re-HEDP) has been driven by the 
similarities of rhenium and technetium chemistry, their ability to label bone-seeking 
diphosphonates, and the beta-gamma emissions of 186Re, which permit radiation 
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therapy and gamma-camera imaging.  It appears that 186Re-HEDP provides pain 
relief from bone metastases [13]. 
 
O P C
OHOH
OH CH3
P
OH
OH
O
 
Figure 1.1: structure of HEDP 
 
Complexes of rhenium and technetium are very similar in term of their physical 
characteristics (lipophilicity, size, etc.). Rhenium complexes are easier to oxidise 
(harder to reduce) and more kinetically inert than their technetium analogues [10]. 
 
The use of a biologically active molecule (BAM), which has high affinity for a receptor 
site, has been the focus for modern radiopharmaceutical design approaches.  There 
are three approaches towards the design of rhenium radiopharmaceuticals [4]: 
 
 the first generation “metal design” in which the biodstribution and targeting 
capability of the nuclear agent depends on their lipophilicity, size and charge; 
 
 the integral approach which involves the manipulation of the metal complex 
structure to suit the topology of the BAM for successful tagging of it; 
 
 the bifunctional approach which makes use of a bifunctional chelator for 
conjugation of the receptor ligand, a high affinity receptor ligand as the 
targeting biomolecule and chelation of the radiometal, and a linker to 
manipulate biodistribution. 
 
1.3.4  Application of rhenium radiopharmaceuticals 
The imaging of rare medullary thyroid carcinoma is done by the agent, 
Dimercaptosuccinic acid (DMSA).  The Re-DMSA (Figure 1.2) shows selective 
uptake in tumour tissue analogous to that of the Tc-DMSA, and therefore offers the 
possibility of therapeutic treatment of this disease. 
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Figure 1.2: Structure of Re-DMSA 
 
Rhenium-oxo complexes can be attached to steroids, which shows uptake in target 
tissue rich in steroid receptors.  Alternatively steroids can be labelled by attaching a 
rhenium cyclopentadienyltricarbonyl unit to the 17 position of an estradiol derivative  
(Figure 1.3) [10]. 
 
HO
Cl
OH
Re(CO)3
 
Figure 1.3: Structure of rhenium cyclopentadienyltricarbonyl unit. 
 
1.4 Rhenium Bonded to Biologically Active Molecules 
 
A radiotherapeutic drug can be delivered directly to the target organ by means of 
specific molecular carriers, for example as complexes with ligands of definite 
structure.  There are methods available for labelling peptides with rhenium, which 
are based on a natural amino acid chelating moiety.  The structural characteristics of 
the chelating moiety of N-acetyl-cysteine-glycine-cystein-glycine (NAc-CGCG), 
complexed with nonradioactive rhenium, have been investigated.  The capability of 
biologically active molecules selectively interacting with specific types of cells is an 
attractive means for delivering radionuclides.  The focus has been to bind 
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radionuclides of rhenium and technetium to bioactive peptide chains.  The most 
efficient compounds have been shown to be those in which the metal is bonded to 
two nitrogen and two sulfur atoms as ligands [14].  Here rhenium(V)  is complexed 
with the amino acids cysteine and methionine (Figure 1.5). 
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Figure 1.4: Structure of (HPy)2[ReO(Cys)Cl3]. 
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Figure 1.5: Structure of [ReO(Met)Cl2]H2O. 
 
Rhenium(I) has been bonded to many biologically active molecules or derivatives of 
biologically active molecules. One such example is where [Re(CO)5Cl] bonds to 6-
acetyl-1,3,7-trimetyllumazine (6-ATML), which is a derivative of lumazine (Figure 
1.6). Lumazines are biologically relevant heterocycles which occur as natural 
products, giving [(6-ATML)Re(CO)3Cl].3C6H6. Lumazines are related to the proteins 
which, as partially hydrogenated species, are essential co-factors e.g. in the 
metabolism of amino acids [15]. This complex has potential for use in biological 
systems. 
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Many rhenium(I) polypyridine complexes have been employed as intercalators, ion 
sensors and photocleavage agents for nucleic acid, reporters of rigidity, anisotropic 
probes for proteins, and luminescent labelling reagents and probes for biological 
molecules [16]. 
 
N
N N
N
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O O
Re
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Figure 1.6: Structure of [(6-ATML)Re(CO)3Cl]. 
 
 
1.5 The General Chemistry of Rhenium(I) 
 
Rhenium(I) exhibits a d6 electronic configuration in an octahedral field and 
complexes in this oxidation state display kinetic and thermodynamic stability [8].  
Electron deficient coordinating groups such as phosphines, diphosphines, isonitriles, 
nitrosyls and carbonyls are required to stabilize rhenium in this oxidation state. 
 
1.5.1  The chemistry of the fac-[Re(CO)3]
+ core 
The one step synthesis of the rhenium(I) complex [Re(H2O)3(CO)3]
+, by direct 
reduction of perrhenate with sodium borohydride in an aqueous solution in the 
presence of carbon monoxide, was first reported by Alberto and coworkers [17].  
Subsequent substitution of the labile water ligands by a bifunctional ligand attachable 
to biomolecules enables the introduction of carbonyl complexes and a range of other 
functional groups including imines, amines, thioesters, thiols and phosphines [8]. 
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The fac-[M(CO)3]
+ moiety has been found to have favourable properties [8,17,18]: 
 The fac-[M(CO)3]
+ is chemically inert due to the low spin d6 configuration 
providing a convenient platform for drug development. 
 
 The fac-[M(CO)3]
+ precursor complex can be readily prepared from 
permetalates in aqueous-based kit formulations. 
 
 The small size of the [M(CO)3]
+ core allows flexibility in labelling of various 
molecular weight biomolecules. 
 
 The fac-[M(CO)3]
+ core has a large affinity for a variety of donor atoms, which 
is due to the fact that the stability of these complexes is purely kinetic.  Mono-, 
bi- and tridentate ligands are cleaved under drastic conditions such as high 
temperatures or strongly acidic solutions. The fac-[M(CO)3]
+ has a high affinity 
for heterocyclic compounds like imidazole or pyridine. 
 
 Potential radiopharmaceuticals containing the fac-[M(CO)3]
+ moiety have a 
high stability in water compared to radiopharmaceuticals containing the 
oxorhenium (V) core, which is prone to oxidation to [ReO4]
- by water. 
 
1.5.2 The coordination chemistry of rhenium (I) 
(a) Rhenium(I) complexes with S-donor ligands 
The reaction of [Re(CO)3Br3]
2- with an excess of tetramethylthiourea yields 
[Re(CO)3Br(Me4tu)2] (Figure 1.7).  The rhenium atom is coordinated through two 
tetramethylthiourea ligands, a facial arrangement of three carbonyl groups, and one 
bromo ligand in a slightly distorted octahedral arrangement.  The tetramethylthiourea 
ligand coordinates through the sulfur atom [19]. 
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Figure 1.7: Structure of fac-[Re(CO)3Br(Me4tu)2]. 
 
The reaction of (Et4N)2[Re(CO3)Br3] with Het2tcbH resulted in [Re2(CO)6(Et2tcbH)2] 
(Figure 1.8).  The central unit of the molecule is a four-membered Re2S2 ring.  The 
rhenium atoms are octahedrally coordinated with carbonyl ligands bonded in a facial 
arrangement.  An almost planar arrangement can be found for the six-membered 
chelated rings formed [20]. 
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Figure1.8: Structure of [Re2(CO)6(Et2tcbH)2]. 
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1.6 The Chemistry of Rhenium(V) 
 
The oxidation state +V of rhenium has the largest number of structurally 
characterised complexes for this metal.  This is because rhenium(V) is easily 
accessible via the reduction of [ReO4]
- with reducing agents (e.g. SnCl2) and by the 
coordination of the central metal atom with a large variety of donor atoms. Due to 
their spin-paired d2 configuration, rhenium(V) compounds are generally diamagnetic.  
They are usually octahedral and are classified by several metal cores, including 
nitride [RevN]2+, imido [RevNR]3+, amido [RevNHR]4+, Oxo [RevO]3+ and sulfido 
[RevS]3+ [6].  The oxorhenium(V) complexes are most common and can undergo 
various reactions. 
 
1.6.1  Rhenium(V) oxo core, [ReO]3+ 
(a) Oxidation 
These complexes are usually oxidized by strong oxidizing agents which result in the 
formation of [ReO4]
-, without any intermediates forming.  The oxo-hydrazido 
[ReVIIOCl(NNMePh)(PPh3)2]
2+ di-cation was formed by the oxidation of trans-
[ReVOCl3(PPh3)2] with an excess of the unsymmetrically di-substituted 
organohydrazine MePhNNH2 in boiling methanol by the following reaction [21]: 
 
trans-[ReOCl3(PPh3)2] + MePhNNH2      [ReOCl(NNMePh)(PPh3)2]
2+ + 2Cl- + H2O 
 
They can also be oxidized by molecular dioxygen, which rarely occurs. 
 
(b) Reduction 
The reduction of monoxorhenium(V) to rhenium(III) is commonly done by 
triphenylphosphine via the removal of the terminal oxide [22]. For example: 
 
trans-[ReOCl3(PPh3)2] + CH3CN + PPh3        trans-[ReOCl3(CH3CN)(PPh3)] + OPPh3 
 
Here the terminal oxide is replaced by the solvent molecule CH3CN and OPPh3 is 
the only oxidation by-product. 
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(c) Disproportionation 
Oxorhenium(V) complexes also undergo disproportionation to Re(IV)/Re(III) and 
Re(VII).  The disproportionation of rhenium(V) to rhenium(III) and rhenium(VII) was 
noted in the reaction [23]: 
 
trans-[ReOCl3(PPh3)2]  +  phen  [ReCl2(phen)(PPh3)2]
+  +  [ReO4]
- 
 
(d) Ligand substitution 
Ligand substitution is readily affected in the cold or by gentle warming in a suitable 
solvent. An example of this is shown, with different solvent procedures producing 
different products [24]: 
 
fac-[ReOCl3(OPPh3)(SMe2)] + Dppen          fac-[ReOCl3(Dppen)] + OPPh3 + SMe2 
 
[ReOCl3(OPPh3)(SMe2)] + Dppen        [ReOCl2(OEt)(Dppen)] + OPPh3 + SMe2 + HCl 
 
(Dppen = 1,2-Bis(diphenylphosphino)ethene) 
 
It has also been shown that ligand substitution by water or hydroxyl is often followed 
by deprotonation to give a trans-dioxo species, for example: 
 
[ReO(OEt)I2(PPh3)2]  +  H2O  [ReO2I(PPh3)2]  +  HI  +  EtOH 
 
(e) Protonation of the terminal oxide 
The trans-dioxorhenium(V) complexes readily undergoes protonation to yield the 
oxohydroxo species, but the mono-oxorhenium(V) complexes do not undergo 
protonation.  This is shown in the examples where [ReO2(en)2]
+ gives a pink solution 
of [ReO(OH)(en)2]
2+ in 2M HCl, and purple needles of [ReO(OH)(en)2](ClO4)2 in 
perchloric acid [25]. 
 
 
THF 
EtOH 
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1.6.2 Rhenium(V) imido core, [ReNR]3+ 
The dianionic ligand [NR]2- is isoelectric with the oxo ligand and is also able to 
stabilize metals in high oxidation states [26].  The organoimido core, M = N – R, is of 
synthetic importance in radiopharmacology since different organic substituents can 
be included into a stable nitrogen core.  The biological properties can then be 
adjusted by variation of the imido core’s R substituent [27].  The bonding between 
the metal and imido ligands consist of one sigma and two pi bonds, and it can adopt 
different geometries as shown in Figure 1.9. 
 
M N
R
A
N RM
B
 
Figure 1.9: Representation of the bonding in imido complexes. 
 
When the imido ligand is bonded to the metal in a bent fashion (structure A in Figure 
1.9), the imido results in a double bond between the metal and the nitrogen atom 
with the lone pair centered on a sp2 hybridized nitrogen [28].  Structure B is a linear 
imido where a sp2 hybridized nitrogen acts as a two-electron donor in which the lone 
pair of electrons occupies an orbital that is principally N(2p) in character [29]. 
 
Previously it was shown that the imido moiety can be obtained from oxo complexes 
through the use of a condensation reaction with aniline derivatives [30]: 
 
trans-[ReOCl3(PPh3)2]  +  1,2-(NH2)2C6H4  [Re(NC6H4-2-NH2)Cl3(PPh3)2] 
 
In addition, the nitride core can also produce imido rhenium(V) complexes through 
alkylation or acylation with carbanions and anhydrides [31]: 
 
[Re(N)Cl4]
- +  CPh3
+        [Re(NCPh3)Cl4] 
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Ligand substitution reactions with the [Re(NPh)Cl3(PPh3)2] and [Re(NMe)Cl3(PPh3)2] 
precursors have also been shown to be a versatile method to produce imido 
complexes with different ligands attached to the rhenium(V) imido core [28]. 
 
1.6.3  The coordination chemistry of rhenium (V) 
(a) Rhenium complexes with NO-donor ligands 
Bidentate aromatic NO-donor ligands containing a phenolic oxygen give complexes 
with the phenolic oxygen coordinated trans to the oxo group.  Mono-oxo complexes 
of rhemium(V) with 2-aminophenol (H2amp) and its derivatives have previously been 
investigated.  The complex [ReOCl2(Hamp)(PPh3)] was synthesized by the reaction 
of trans-[ReOCl3(PPh3)2] and 2-aminophenol.  The monoanionic Hamp moiety is 
coordinated through a neutral amino nitrogen and an anionic oxygen atom (Figure 
1.10) [32]. 
 
Re
O
Cl Cl
HN PPh3
O
 
Figure 1.10: Coordination mode of [ReOCl2(Hamp)(PPh3)]. 
 
(b) Rhenium(V) complexes with Schiff base ligands 
It was reported that the reaction of (n-Bu4N)[ReOCl4] with the pyrazole-containing 
Schiff base ligand Hpmp (2-(2-(pyrazol-1-yl)ethyliminomethyl)phenolate) resulted in 
the formation of the oxorhenium(V) complex [ReO(pmp)Cl2] (Figure 1.11).  The 
pyrazole-containing ligand acts as a NNO tridentate chelator coordinating to the 
rhenium(V) meridonally.  Further reactions of this complex with bidentate dianionic 
substrates resulted in mixed NNO/OO complexes [33]. 
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Figure 1.11: Structure of [ReO(pmp)Cl2]. 
 
(c) Rhenium(V) complexes with ONS-donor ligands 
The appropriate tridentate ligand was added to [ReOCl2(η
2-L1a)(PPh3)], resulted in 
the formation of the oxorhenium(V) complex [ReO(η2-L3b)-( η2L1a)] (Figure 1.12).  
The [ONS] donors of the tridentate Schiff base ligand occupy meridional positions cis 
to the terminal oxo-group [34]. 
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Figure 1.12: Structure of [ReO(η2-L3b)-( η2L1a)]. 
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Chapter 2 
 
Experimental 
 
2.1 Handling of Rhenium 
 
Two non-radioactive isotopes of rhenium occurs naturally, 185Re and 187Re, with a 
natural abundance of 37.4% and 62.6% respectively. From the isotopes, 185Re and 
187Re, radioactive isotopes 186Re and 188Re respectively are generated.  
Nonradioactive isotopes were used, and therefore no special precautions were taken 
in handling the rhenium. 
 
2.2 Materials 
 
2.2.1  Precursor compounds 
(a) Ammonium perrhenate 
The ammonium perrhenate (NH4)[ReO4] was obtained from Sigma-Aldrich in +99% 
purity and required no further purification. 
 
(b) Rheniumpentacarbonylhalides 
The rheniumpentacarbonylhalides [Re(CO)5X] (X = Cl, Br) were obtained from 
Sigma-Aldrich in 98% purity and was used without further purification. 
 
(c) trans-[ReOCl3(PPh3)2] [1] 
To a mixture of 0.9 g of (NH4)[ReO4] in 3 cm
3 of hydrochloric acid was added 5.0 g of 
triphenylphosphine in 50 cm3 glacial acetic acid under nitrogen.  A bright green 
precipitate formed, which was filtered, washed with glacial acetic acid and diethyl 
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ether, and dried under vacuum.  Yield = 95%. Anal. Calcd. for C36H30P2OCl3Re (mol. 
wt. = 833.09 g/mol) (%): C, 51.9; H, 3.6; Cl, 12.9. Found: C, 51.9; H, 3.6; Cl, 12.9. 
 
(d) trans-[ReOBr3(PPh3)2] [1] 
To a solution of 1.0 g of (NH4)[ReO4] in 3 cm
3 concentrated hydrobromic acid was 
added 5.0 g of triphenylphosphine in 50 cm3 glacial acetic acid under nitrogen.  A 
yellow precipitate formed, which was filtered, washed with glacial acetic acid and 
diethyl ether and dried under vacuum.  Yield = 90%. Anal. Calcd. for 
C36H30P2OBR3Re (mol.wt. = 966.49 g/mol) (%): C, 44.7; H, 3.1; Br, 24.8. Found: C, 
44.4; H, 3.1; Br, 24.2. 
 
(e) trans-[ReOI2(OEt)(PPh3)2] 
A mass of 5.0 g of triphenylphosphine in 30 cm3 ethanol was added to 1.0 g of 
(NH4)[ReO4] in 5 cm
3 hydroiodic acid (56%) and the mixture was heated under reflux 
for 15 minutes.  The solution was allowed to cool to room temperature, and the 
resultant green precipitate was filtered, washed with ethanol and diethyl ether, and 
dried under vacuum. Yield = 85%. Anal. Calcd. for C38H35I2O2P2Re (mol.wt. = 1142.8 
g/mol) (%): C,44.5; H, 3.4; I, 24.8. Found: C, 44.7; H, 3.9; I, 25.2. 
 
(f) trans-[ReO2(py)4]Cl [2] 
A mixture of 3 cm3 pyridine and 0.5 cm3 water was added to a solution of 0.5 g of 
trans-[ReOCl3(PPh3)2] in 10 cm
3 of acetone.  The resultant mixture was refluxed for 
90 minutes and then cooled in ice water for 30 minutes, to give an orange precipitate 
which was washed with toluene (2 x 3 cm3) and diethyl ether (3 x 2 cm3), and dried 
under vacuum.  Yield = 90%. Anal. Calcd. for C20H20ClN4O2Re (mol.wt. = 570.06 
g/mol) (%): C, 42.1; H, 3.5; Cl, 14.2; N, 9.8. Found: C, 42.7; H, 3.5; Cl, 14.4; N, 9.9. 
 
(g) (n-Bu4N)[ReOCl4] [3] 
A mass of 1.02 g of (NH4)[ReO4] was dissolved in 25 cm
3 of water.  To this, 5 cm3 of 
a 75% aqueous (n-Bu4N)Cl solution was added with stirring.  The resultant white 
precipitate of (n-Bu4N)[ReO4] was removed by filtration, washed with ethanol and 
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dried under vacuum.  A suspension of 0.7 g of this salt in about 100 cm3 of 
chloroform was chlorinated by HCl gas (dried with H2SO4) for 4 hours.  During this 
time the solution turned deep red.  The volume was reduced, with the solution 
turning yellow.  Upon addition of 50 cm3 of a n-heptane/diethyl ether mixture a 
yellow-green precipitate formed, which was removed by vacuum filration and washed 
with ethanol.  It was dried under vacuum.  Yield = 82%.  Anal. Calcd. for 
C16H36NOCl4Re (mol.wt. = 586.5 g/mol). (%): C, 32.8; H, 6.2; N, 2.4; Cl, 24.2.  
Found: C, 32.7; H, 6.2; N, 2.4; Cl, 24.2. 
 
2.2.2  General laboratory chemicals 
All solvents used were of analytical grade, and were purified by standard methods 
[4].  All common laboratory chemicals were of analytical grade and were used 
without further purification. 
 
The following chemicals were commercially obtained and used as received: 
Curcumin from Curcuma longa (Tumeric)   Aldrich (≥ 94%) 
Diethylamine        Saarchem (> 99%) 
Ammonium thiocyanate      Saarchem (> 98%) 
Diphenylamine       Aldrich (99%) 
4-Bromobenzoyl chloride      Aldrich (98%) 
Thiocarbohydrazide       Aldrich (≥ 98%) 
Salicylaldehyde       Fluka (≥ 99%) 
Vanillin        Merck 
Acetylacetone       Hopkins & Williams Ltd 
2-Aminophenol       Aldrich (99%) 
1,2-Phenyldiamine       Aldrich (98%) 
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2.3 Instrumentation 
 
The 1H NMR spectra were obtained at 300 K using a Bruker Avance III 400 MHz 
spectrometer.  Deuterated dimethyl sulfoxide or deuterated chloroform was used as 
the solvent and the peak positions were obtained relative to SiMe4.  The infrared 
spectra were recorded on Bruker Tensor 27 FT-IR spectrophotometer in the 4000-
200 cm-1 range. 
 
UV-Vis spectra were obtained using a Perkin-Elmer 330 spectrophotometer.  The 
extinction coefficients (ε) are given in dm3mol-1cm-1.  Emission spectra were 
recorded in dichloromethane, acetone and DMF solutions with a Perkin Elmer LS 45 
fluorescence spectrometer. 
 
Melting points were determined using a Stuart Scientific SMP 3 melting point 
apparatus.  The elemental analyses for carbon, hydrogen, nitrogen and sulfur were 
carried out on a Vario EL cube (ElementarAnalysensystem GmbH) instrument. 
 
A Bruker Kappa Apex II diffractometer in the conventional ω-2θ scan mode and 
monochromatic Mo-Kα radiation (λ = 0.71073 Å) was used for the X-ray 
crystallographic analysis. 
 
The IC50 values were determined using the MTT (3-(4,5-dimetylthiazolyl-2)-2,5-
diphenyltetrazolium bromide) assay protocol.  The compounds were prepared in a 
concentration range in 10 µL DMEM (Dulbecco’s Modified Eagle’s Medium), with a 
final concentration of 0.2% DMSO.  10 µL of each sample was added in the correct 
dilutions to the cancer cell, making a final volume of 100 µL in each well.  These 
were then incubated for 48 hours at 37°C.  10 µL of MTT reagent (Roche 
Diagnostics) was added to each sample and incubated for 4 hours at 37°C, after 
which 100 µL of a solubilisation solution was added and incubated over night at 
37°C.  The plates were read at 595 nm.  The tests were performed in triplicate. 
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Chapter 3 
 
Curcumin and Thiocarbohydrazide Derivatives as 
Analogues 
 
3.1 Introduction 
 
Curcumin, or diferuloylmethane (Figure 3.1), is a hydrophobic polyphenol derived 
from the rhizome of the herb Curcuma longa and has a long history of therapeutic 
uses [1].  Chemically, curcumin is a bis-α, β-unsaturated β-diketone that exhibits 
keto-enol tautomerism.  X-ray diffraction studies have indicated that the preferred 
tautomer is the enol form [2].  In the solid state, curcumin has a perfectly delocalized 
central keto-enol unit co-planar with one trans-CH=CH-moiety. It was first isolated in 
1815, obtained in crystalline form in 1870 and is identified as 1,6-heptadiene-3,5-
dione-1,7-bis(4-hydroxy-3-methoxyphenyl)-(1E,6E) or diferuloylmethane [3]. 
 
O
HO
O
O
OH
O
 
Figure 3.1: General structure of curcumin. 
 
Curcumin is weakly soluble in water but is quite soluble in solvents such as ethanol, 
methanol and acetone.  Spectrophotometrically it has an absorption maximum (λmax) 
in methanol at 430 nm, and at 415 to 420 nm in acetone.  When exposed to acidic 
conditions, the colour turns from yellow to deep red [3, 4].  Curcumin possesses 
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three protons that are ionisable in water: the enolic proton (pKa of 8.5) and two 
phenolic protons (pKa 10-10.5) [5]. 
 
Curcumin is a free radical scavenger and a hydrogen donor; it also exhibits both pro- 
and antioxidant activity.  Curcumin is non-toxic and exhibits limited bioavailability; 
therefore it has great promise as a therapeutic agent.  The reasons for reduced 
bioavailability of any agent within the body are poor absorption, low intrinsic activity, 
and high rate of metabolism, inactivity of metabolic products and/or rapid elimination 
and clearance from the body [6].  As research has revealed, curcumin has a wide 
range of beneficial properties, which include anti-inflammatory, anti-oxidant, chemo-
preventative and chemotherapeutic activity [5, 7].  Curcumin is well absorbed and 
has an exceedingly low toxicity index. 
 
The acetylacetonate (acac) region of the ligand is known to bind metal ions, and 
these acac complexes have some thermodynamic and kinetic stability in polar and/or 
protic environments [5].  Previous crystal studies have shown that curcumin’s 
symmetric structure leads to an even distribution of the enol proton between the two 
oxygen atoms.  The diketones have a strong chelating ability; therefore curcumin 
could be of great importance in the chelating treatment of metal intoxication and 
overload [8], but also for therapeutic metals to be administered into the body. 
 
Curcumin inhibits cell proliferation of a variety of transformed cell types, including T- 
and B-cell lymphomas, breast, colon, gastric, ovarian, prostate and oral epithelial 
carcinoma cells.  Its cytotoxic activity is confined to cancer cells, thus promising low 
side effects of anticancer drugs based on the curcumin structure [9]. 
 
Thiocarbohydrazide (Figure 3.2) and its Schiff base complexes constitute interesting 
ligand systems because of the availability of several potential donor sites.  For 
example, thiocarbohydrazides usually behave as neutral or uninegative ligands and 
bind the metal through the sulfur atom and one hydrazinic nitrogen atom. This 
behaviour is due to the tautomeric equilibrium between the thioketo and the thioenol 
forms.  This equilibrium is affected by several factors, such as the nature of the metal 
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ion and its counter-ion, the reaction conditions, the nature of the solvent, and the pH 
of the reaction medium [10]. 
 
N
H
N
H
S
H2N NH2
 
Figure 3.2: Line structure of thiocarbohydrazide. 
 
Metal complexes of thiocarbohydrazones have attracted attention due to applications 
in analytical chemistry for the estimation and identification of both organic and 
inorganic compounds, anti-bacterial [11, 12], antifungal [12, 13], antitumour [14], 
anti-inflammatory, antiallergic, antioxidant, antiviral, hepatoprotective, antithrombic, 
anticarcinogenic [13], anti-HIV, anti-coagulant and spasmolytic activities [15].  
Hydrazine groups of the thiocarbohydrazone are very reactive, forming bis 
derivatives with aldehydes and ketones [16, 17]. 
 
S
N
H
N
H
N N
R1 R1R2 R2
R3 R3
R1 = OH, R2/3 = H: H4salt
R1 = H, R2 = OH, R3 = OCH3: H4vant  
Figure 3.3: Thiocarbohydrazide derivatives used in this study. 
 
In this chapter, the coordination possibilities of curcumin with rhenium(V) will be 
discussed, as well as the difficulties encountered.  Analogues of curcumin will be 
made, which also contains a seven-spacer unit between the phenyl rings, which 
would be more reactive and more effective in bonding to rhenium and which have 
greater or a similar biological activity to curcumin.   This will be done by assessing 
the coordination properties of 1,5-bis(salicylidene)thiocarbohydrazide (H4salt) and 
2,4-bis(vanilidene)thiocarbohydrazide (H4vant) (Figure 3.3) with oxorhenium(V) and 
rhenium(I) starting materials. 
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3.2 Experimental 
 
3.2.1  Synthesis of 1,5-bis(salicylidene)thiocarbohydrazide (H4salt) and 
2,4-bis(vanilidene)thiocarbohydrazide (H4vant) 
A mixture of thiocarbohydrazide (0.5 g, 5 mmol) with the appropriate aldehyde 
(H4salt = salicylaldehyde; H4vant = vanillin; 10 mmol) in 30 cm
3 of dry ethanol was 
heated to reflux for 2 hours.  For H4salt a yellow precipitate formed, which was 
filtered, and the mother liquor was left to evaporate at room temperature, resulting in 
yellow crystals.  For H4vant, the solution was rotary evaporated, resulting in a bright 
yellow product. A fraction of the solution was kept for crystal growth at room 
temperature, resulting in yellow crystals. 
 
Analysis of H4salt:  Yield = 75 %, m.p. = 200°C.  Anal. Calcd. (%): C, 57.3; H, 4.5; N, 
17.8; S, 10.2.  Found: C, 57.6; H, 4.5; N, 18.0; S, 10.5. IR (νmax/cm
-1): v(N-H) 2983; 
v(C=N) 1614; v(C=S) 1483; v(C-H, aromatic) 742. 1H NMR (295K, ppm): 10.05 (s, 
2H, H(1), H(3)), 8.61 (t, 2H, H(13), H(23)), 8.10 (t, 2H, H(15), H(25)), 7.41 (t, 2H, 
H(14), H(24)), 6.89 (d, 2H, H(16), H(26)), 3.43 (s, 2H, OH). Electronic spectrum 
(DMF, λ (ε, M-1cm-1)): 350 (3400); 365 (2670); 403 (950). 
 
Analysis of H4vant: Yield = 70 %, m.p. = 125°C. Anal. Calcd. (%): C, 54.5; H, 4.6; N, 
14.9; S, 8.7.  Found: C, 54.5; H, 5.3; N, 13.7; S, 7.4. IR (νmax/cm
-1): v(C=N) 1589; 
v(C=S) 1509.  1H NMR (295K, ppm): 9.55 (s, 2H, H(1), H(3)), 8.25 (d, 2H, H(15), 
H(25)), 7.45 (d, 2H, H(16), H(26)), 7.30 (s, 2H, H(12), H(22)), 6.65 (s, 2H, 2 x NH), 
3.80 (s, 2H, OH), 3.39 (s, 6H, 2 x OCH3). Electronic spectrum (DMF, λ (ε, M
-1cm-1)): 
338 (4540); 348 (4550); 365 (3530). 
 
3.2.2  Synthesis of [ReOCl(PPh3)(H2salt)] (1) 
A mixture of 1,5-bis(salicylidene)thiocarbohydrazide (H4salt) (0.05 g, 140 µmol) and 
trans-[ReOCl3(PPh3)2] ( 0.06 g, 77 µmol) in 15 cm
3 of acetone was stirred at reflux 
for 3 hours, resulting in a dark brown mixture.  The solution was filtered, leaving a 
light brown precipitate.  The filtrate was allowed to slowly evaporate at room 
temperature giving brown crystals.  Yield = 65 %, m.p. = 198°C. IR (νmax/cm
-1): v(N-
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H) 2708; v(Re=O) 959; v(C=N) 1639, 1619, 1589; v(Re-N(1)) 472; v(Re-S) 375; 
v(Re-O) 440.  1H NMR (295K, ppm): 11.20 (s, 1H, H(10)), 10.01 (s, 1H, H(7)), 8.65-
8.20 (m, 6H), 7.75-7.25 (m, 18H). Electronic spectrum (DMF, λ (ε, M-1cm-1)): 348 
(4480), 365 (3470), 403 (1150). 
 
3.2.3  Synthesis of [Re(CO)3(H4salt)2]Cl (2) 
A mass of 0.08 g of 1,5-bis(salicylidene)thiocarbohydrazide (H4salt) (0.28 mmol) was 
mixed with [Re(CO)5Cl] (0.05 g, 0.14 mmol) in 15 cm
3 of toluene and stirred at reflux 
for 3 hours under a nitrogen atmosphere.  A bright yellow precipitate formed, which 
was removed by filtration.  By slow evaporation in a cold-room, yellow crystals were 
formed.  Yield = 36 %, m.p. = 201°C.  Anal. Calcd. (%): C, 41.3; H, 3.1; N, 11.9; S, 
5.8. Found: C, 40.8; H, 2.9; N, 12.2; S, 5.4.  IR (νmax/cm
-1): v(NH) 3139, 3018; 
v(C=O, fac) 1888, 1913, 2026; v(C=S) 1557; v(C=N) 1618; v(Re-N) 530; v(Re-S) 
395.  1H NMR (295K, ppm): 12.10 (s, 1H, H(2)), 11.88 (s, 1H, H(1)), 11.62 (s, 1H, 
H(4)), 10.05 (s, 1H, H(3)), 7.15-7.58 (m, 6H), 6.82-7.10 (m, 10H) (see Figure 3.24 for 
numbering). Electronic spectrum (DMF, λ (ε, M-1cm-1)): 346 (14360); 364 (12600). 
 
3.2.4  Attempted synthesis of [Re(CO)3(H4vant)Br] (3) 
2,4-bis(vanilidene)thiocarbohydrazide (H4vant) (0.10 g, 0.28 mmol) was mixed with 
[Re(CO)5Br] (0.05 g, 0.14 mmol) in 15 cm
3 toluene and stirred at reflux for 3 hours 
under a nitrogen atmosphere.  The bright yellow precipitate which formed was 
removed by filtration.  Slow evaporation in a cold room yielded pale yellow, 
colourless and orange crystals.   
 
3.2.5  X-ray Crystallography 
X-ray diffraction were performed at 200 K using a Bruker Kappa Apex II 
diffractometer with graphite monochromated Mo Kα radiation (λ = 0.71069 Å).  
APEX-II [18] was used for data collection and SAINT [18] for cell refinement and 
data reduction.  The structures were solved by direct methods using SHELXS-97 
[19] or SIR97 [20], and refined by least-squares procedures using SHELXL-97 [19] 
with SHELXLE [21] as a graphical interface.  All non-hydrogen atoms were refined 
anisotropically, and the hydrogen atoms were calculated in idealised geometrical 
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positions.  Data were corrected for absorption effects using the numerical method 
using SADABS [18]. 
 
 
3.3 Results and Discussion 
 
3.3.1  Characterization of curcumin 
Curcumin was crystallized out from ethanol by the slow evaporation of the solvent.  
The ORTEP view of the crystal structure of curcumin (Figure 3.4) shows that the 
enol form is the preferred structure, irrespective of the solvent used, and that it is a 
perfectly delocalized keto-enol unit.  From the bond distances C(10)-O(3) and C(12)-
O(4) of 1.301(3) and 1.306(3) Å respectively, it is clear that these bonds are between 
that of a single bond (at 1.36 Å) and a double bond at (1.25 Å) [22, 23], showing that 
there is pi-delocalization across the diketone. C(10), C(11) and C(12) are all sp2 
hybridyzed with bond angles of about 120° around each [O(3)-C(10)-C(11) = 
120.7(2)°, C(10)-C(11)-C(12) = 120.2(2)°, O(4)-C(12)-C(11) = 120.8(2)°].  The 
distance between the centres of the two phenyl rings was determined as 11.84 Å. 
 
 
Figure 3.4: An ORTEP view of curcumin showing 50% probability displacement 
ellipsoids and the atom labelling. 
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Inter- and intramolecular hydrogen-bonding occurs (Figure 3.5, Table 3.1), which 
lead to greater stability in the crystal packing. 
 
 
Figure 3.5: Crystal packing and intermolecular hydrogen-bonding of curcumin. 
 
Table 3.1: Hydrogen-bond parameters (Å, °) 
D-H•••A D-H H•••A D•••A D-H•••A 
O(3)H(3)•••O(4) 1.31(2) 1.240(2) 2.453(2) 148.7(2) 
O(6)H(6)•••O(3) 0.840 2.370 2.943(2) 126.0 
O(6)H(6)•••O(5) 0.840 2.230 2.665(2) 112.0 
 
The curcumin molecule does not crystallize out as a flat molecule on a single plane 
(Figure 3.6), but rotation occurs about the C(9)-C(10) bond, resulting in a difference 
in planes by 45.62°, with a torsion angle of -17.28° across the C(8)-C(9)-C(10)-C(11) 
bonds. 
 
 
Figure 3.6: Diagram of the planes present and the angle between these planes. 
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3.3.2  Possible coordination of curcumin to Re(V) compounds 
(a) In the presence of triethylamine 
For this coordination reaction, two molar equivalents of curcumin (HCur) were 
reacted with trans-[ReOCl3(PPh3)2] in the presence of triethylamine (TEA) as base in 
ethanol.  The triethylamine would ideally be used to abstract an acidic hydrogen from 
the curcumin, aiding in the coordination of the ligand to the rhenium starting material 
(Figure 3.7).  The reaction led to a red-brown solution, and the slow evaporation of 
the mother liquor resulted in the formation of orange crystals. It was expected that 
the reaction will proceed as follows: 
 
trans-[ReOCl3(PPh3)2]  +  HCur   [ReO(Cur)Cl2(PPh3)]  +  HCl  +  PPh3 
 
Coordination should occur through the diketone moiety, with the curcumin being 
deprotonated and substituting a triphenylphosphine and chloride ion (see Figure 
3.7). This however was not the case.  From the crystal structure of the orange 
crystals, curcumin crystalized out (Figure 3.4) and did not coordinate to the rhenium 
starting material. 
 
O
HO
O
O
OH
O
Re
OPh3P
Cl
Cl
 
Figure 3.7: Proposed coordination of curcumin to trans-[ReOCl3(PPh3)2]. 
 
(b) In the presence of sodium methoxide 
Two molar equivalents of curcumin were dissolved in methanol in the presence of a 
few drops of sodium methoxide [24], followed by the addition of trans-[ReO2(py)4]Cl.  
The mixture was heated under reflux for two hours, after which the solution was 
TEA 
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filtered and left to evaporate slowly at room temperature.  The orange crystals which 
were obtained after two days were proved to be curcumin by X-ray crystallography. 
 
(c) In the presence of an acetate buffer 
Curcumin was also reacted with (n-Bu4N)[ReOCl4] in the presence of an acetate 
buffer in methanol, as described by Sagnou et. al. [25].  Again, only curcumin was 
isolated from this reaction.  In this case the X-ray crystal structure of the crystals 
found showed that a dimer of curcumin was formed (see Figure 3.8). 
 
There are significant differences in the bond lengths of the β-diketone moiety 
between this dimer and the monomer reported in paragraph 3.3.1 (see Tables 3.12 
and 3.13).  Whereas in the monomer the two C-O bond distances are practically 
identical [average = 1.304(3) Å], they differ considerably in the dimer.  The one C-O 
bond is longer [C(14)-O(13) = 1.318(3) Å; C(24)-O(23) = 1.289(3) Å] than the other 
[C(16)-O(14) = 1.268(3) Å; C(26)-O(24) = 1.279(3) Å] in each molecule forming the 
dimer.  It indicates that no keto-enol tautomerism exists in the dimer molecule, and 
that each molecule of curcumin in the dimer exists in the enol form with the hydrogen 
located on the oxygen atoms O(13) and O(23).  All the other bond parameters in the 
dimer is similar to that of the monomer reported in paragraph 3.3.1. 
 
 
Figure 3.8: An ORTEP view of the curcumin dimer showing 50% probability 
displacement ellipsoids and the atom labelling. 
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Crystal packing (Figure 3.9) shows that inter- and intramolecular hydrogen bonding 
occurs.  The intramolecular hydrogen bonding can be seen between 
O(13)H(13A)•••O(14) and intermolecular bonding is illustrated between 
C(11)H(11A)•••O(24). A zigzag arrangement is seen, with alternating molecules 
being orthogonal to each other. 
 
 
Figure 3.9: Crystal packing and hydrogen bonding of the curcumin dimer showing 
inter- and intramolecular hydrogen bonding. 
 
Table 3.2: Hydrogen-bond parameters (Å, °) 
D-H•••A D-H H•••A D•••A D-H•••A 
O(12)-H(12A)•••O(11) 0.86(3) 2.24(3) 2.703(3) 114(2) 
O(13)-H(13A)•••O(14) 0.92(3) 1.72(3) 2.528(2) 145.1(1) 
C(11)-H(11A)•••O(24) 0.96 2.490 3.058(3) 117 
 
Figure 3.10 shows that the curcumin is “flatter” in its dimer form, compared to its 
“monomeric” form. There is now an angle of 19.18° between the planes, and a 
torsion angle of 14.84° is present across the C(15)-C(16)-C(17)-C(18) bonds, with 
rotation occurring around the C(16)-C(17) bond. 
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Figure 3.10: Representation of the planes for one part of the curcumin dimer. 
 
3.3.3 Synthesis and characterization of 1,5-bis(salicylidene) 
thiocarbohydrazide (H4salt) 
The thiocarbohydrazide Schiff base derivative 1,5-bis(salicylidene)thio-
carbohydrazide (H4salt) (Figure 3.11) was synthesized by the reaction of 
thiocarbohydrazide and salicylaldehyde (Hsal) in a 1:2 molar ratio in ethanol. 
 
H2NHNSNHNH2  +  2 Hsal   H4salt  +  2 H2O 
 
OH
N
N
H
N
H
S
N
HO
 
Figure 3.11: Structure of H4salt. 
 
The molecular structure of the H4salt is shown in Figure 3.12.  The C(2)=S(1) bond is 
double [1.691(4) Å], and the imino nitrogen atoms N(1) and N(4) are doubly bonded 
to C(1) [1.276(5) Å] and C(3) [1.278(3) Å] respectively [26].  The molecule is planar 
with a cis-cis arrangement of the phenol rings relative to the thiocarbonyl group.  The 
N-N bonds are all single [N(1)-N(2) = 1.364(5) Å; N(3)-N(4) = 1.365(5) Å] [27].  The 
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bond angles around the sp2 hybridized atoms C(1) [C(11)-C(1)-N(1) = 119.0(3)°], 
N(1) [C(1)-N(1)-N(2) = 119.4(3)°], N(2) [N(1)-N(2)-C(2) = 118.5(3)°], N(3) [C(2)-N(3)-
N(4) = 119.4(3)°], N(4) [N(3)-N(4)-C(3) = 118.3(3)°] and C(3) [N(4)-C(3)-C(21) = 
119.8(3)°] are all close to the expected 120°.  The S(1)-C(2)-N(2) bond angle equals 
122.9(3)°. 
 
For H4salt, the distance between the phenyl rings was determined to be 11.879 Å, 
which is very close to that of curcumin [11.84 Å], making it, in terms of size, an 
effective analogue of curcumin. 
 
H4salt has the ability to act as bidentate, tridentate or bridging tri- and bidentate 
ligand.  The enolization of the sulfur would lead to tridentate activity and it being 
anionic, making it a versatile ligand for rhenium coordination chemistry. 
 
 
Figure 3.12: ORTEP view of H4salt showing 50% probability displacement ellipsoids 
and the atom labelling. 
 
The packing (Figure 3.13) in the unit cell is complemented by two intramolecular 
hydrogen-bonds between the phenolic hydrogens and the imine nitrogens N(1) and 
N(4) [see Table 3.3], and two intermolecular ones between S(1) and N(2)H and 
N(3)H. 
 
The IR spectrum (Figure 3.14) clearly shows a characteristic peak at 1613 cm-1 for 
the C=N stretch, and a peak at 1483 cm-1 is ascribed to the C=S stretch. 
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Figure 3.13: Crystal packing of H4salt, displaying intra- and intermolecular hydrogen-
bonding. 
 
Table 3.3: Hydrogen-bond parameters (Å, °) 
D-H•••A D-H H•••A D•••A D-H•••A 
O(1)-H(1A)•••N(1) 0.84 1.82 2.600(5) 144 
O(2)-H(2A)•••N(4) 0.84 1.90 2.629(5) 144 
N(2)-H(2B)•••S(1) 0.88 2.56 3.352(5) 150 
N(3)-H(3B)•••S(1) 0.88 2.80 3.568(5) 147 
 
 
Figure 3.14: IR spectrum of H4salt in the range 310 – 2000 cm
-1. 
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The 1H NMR spectrum illustrates that the corresponding protons on the two halves of 
H4salt around the C(2)=S(1) bond are magnetically equivalent.  The imine hydrogens 
H(1) and H(3) give rise to a single two-proton signal the furthest downfield at 10.05 
ppm.  The signals of the phenolic rings are in the order doublet-triplet-triplet-doublet, 
corresponding to the protons H(13)/H(23) [at 8.61 ppm], H(15)/H(25) [at 8.10 ppm], 
H(14)/H(24) [at 7.41 ppm] and H(16)/H(26) [at 6.89 ppm] respectively.  The signals 
of the hydrogen-bonded phenolic hydrogens appear as a broad two-proton singlet at 
3.43 ppm. 
 
3.3.4 Synthesis and characterization of 1,5-bis(vanilidene) 
thiocarbohydrazide (H4vant) 
For the synthesis of the thiocarbohydrazide Schiff base derivative 2,4-
bis(vanilidene)thiocarbohydrazide (H4vant) (Figure 3.15), a 1:2 molar ratio of 
thiocarbohydrazide was reacted with vanillin (vanO) in ethanol. 
 
H2NHNSNHNH2  +  2 vanO   H4vant  +  2 H2O 
 
N
N
H
N
H
S
N
HO
O
OH
O
 
Figure 3.15: Structure of H4vant. 
 
The ORTEP diagram of the molecular structure of H4vant (Figure 3.16) shows that 
the molecule occupies a trans-trans orientation relative to the thiocarbonyl group, 
which has a double bond distance of C(2)-S(1b) equals to 1.669(4) Å, which is 
significantly shorter than in H4salt.  The small difference in the bond lengths of the 
methane groups [C(1)-N(1) = 1.279(2) Å, C(3)-N(4) = 1.283(2) Å] is insignificant, 
since it falls within the standard deviations of these bond lengths.  Both the N-N 
bonds are single [N(1)-N(2) = 1.381(2) Å, N(3)-N(4) = 1.388(2) Å], and there is 
nothing remarkable about the other bond parameters of the molecule. 
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Figure 3.16: ORTEP view of H4vant showing 50% probability displacement ellipsoids 
and the atom labelling. 
 
In the IR spectrum a distinctive peak at 1509 cm-1 (Figure 3.17) indicates the 
presence of a C=S double bond. Another peak at 1589 cm-1 is assigned to the 
stretching frequency of the C=N double bonds. 
 
 
Figure 3.17: IR spectrum of H4vant. 
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The 1H NMR spectrum of H4vant shows that the corresponding protons on the two 
halves of the molecule are magnetically equivalent.  The methane protons H(1)/H(3) 
appear the furthest downfield as a two-proton singlet at 9.55 ppm, and a six-proton 
singlet [2 x OCH3] appears furthest upfield at 3.39 ppm.  Protons H(12) and H(22) 
produce a two-proton singlet at 7.30 ppm, and two doublets at 8.25 and 7.45 ppm 
are assigned to the adjacent protons H(15)/H(25) and H(16)/H(26) on the phenolic 
rings respectively.  Two broad two-proton singlets at 6.65  and 3.80 ppm are 
assigned to the NH and the OH protons respectively. 
 
3.3.5 Synthesis and characterization of [ReOCl(PPh3)(H2salt)] (1) 
For the synthesis of [ReOCl(PPh3)(H2salt)] (1), two molar equivalents of H4salt were 
reacted with trans-[ReOCl3(PPh3)2] in acetone (Figure 3.18), according to the 
reaction: 
 
trans-[ReOCl3(PPh3)2] +  H4salt  [ReOCl(PPh3)(H2salt)] + PPh3 + 2 HCl 
  
N
ReO
N
S
N
H
N
HO
PPh3
O
Cl
 
Figure 3.18: Line structure of [ReOCl(PPh3)(H2salt)]. 
 
The ORTEP diagram of 1.acetone (Figure 3.19) shows the geometry about the 
rhenium atom to be distorted octahedral. Contrary to what is normally observed in 
oxorhenium(V) complexes of this type containing a phenolate group, a chloride is 
coordinated in the site trans to the oxo oxygen O(1), and not the phenolate oxygen 
O(12), which occupies the equatorial plane together with the sulfur atom S(5), 
phosphorus atom P(1) and the nitrogen atom N(1).  The complex is neutral, implying 
that the tridentate ligand is dianionic. 
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The oxygen atom O(12) is deprotonated and the Re-O(12) [2.072(2) Å] and C(12)-
O(12) [1.312(4) Å] distances are typical of a phenolate oxygen coordinated to a 
rhenium(V) centre.  The Re-S(5) bond length [2.318(7) Å] is typical of the 
coordination of a thiolate sulfur to rhenium(V) [28], and the single bond length of 
C(9)-S(5) [1.77(3) Å] further supports the existence of the second negative charge 
on S(5).  There are now two methine groups, with two C=N double bonds, in the 
chelate structure [C(10)-N(1) = 1.302(4) Å; C(9)-N(2) = 1.293(4) Å].  The Re-N(1) 
length [2.070(2) Å] is typical of the coordination of a neutral imino nitrogen atom to 
rhenium(V) [28].  The uncoordinated methane group HC(7)=N(4) has a length of 
1.290(4) Å, which is close to its value in the free ligand H4salt. 
 
The distortion of octahedral ideality is mostly the result of the steric repulsion of the 
oxo group O(1), and the coordinated requirements of the tridentate ligand.  The bond 
angles O(1)-Re-N(1) [105.60(9)°] and O(1)-Re-S(5) [99.33(7)°] deviate markedly 
from octahedrality, while the agles O(1)-Re-O(12) [89.1(1)°] and O(1)-Re-P(1) 
[91.57(7)°] are remarkably close to 90°.  The angles O(1)-Re-Cl(1) [166.69(7)°] and 
S(5)-Re-O(12) [169.13(6)°] also contribute to the distortion.  There is nothing 
remarkable in the other bond parameters of the structure (see Table 3.16). 
 
 
Figure 3.19: ORTEP view of [ReOCl(PPh3)(H2salt)], showing 50% probability 
displacement ellipsoids and the atom labelling. 
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As was the case in the free ligand, there is a hydrogen-bond between O(2)-H and 
N(4) (see Table 3.4) 
 
 
Figure 3.20: Intramolecular hydrogen bonding and crystal packing of 
[ReOCl(PPh3)(H2salt)]. 
 
Table 3.4: Hydrogen-bond parameters (Å, °) 
D-H•••A D-H H•••A D•••A D-H•••A 
O(2)-H(2)•••N(4) 0.95(6) 1.76(6) 2.619(4) 149(5) 
 
In the infrared spectrum (Figure 3.21) of 1 the Re=O(1) stretching frequency is 
observed at 959 cm-1, which falls in the range of 930-970 cm-1 for oxo complexes of 
this kind [28].  A broad peak at 2708 cm-1 is ascribed to v[N(3)-H], and three peaks at 
1639 [v(C(7)=N(4)], 1619 [v(C(9)=N(2)] and 1589 [v(C(10)=N(1)] fall in the range 
normally observed for v(C=N).  A medium-intensity peak at 472 cm-1 is assigned to 
v(Re-N(1)), and the v(Re-S(5)) and v(Re-O(12)) vibrations are assigned to the peaks 
at 375 and 440 cm-1 respectively. 
 
The 1H NMR spectrum of 1 is complicated, with many peaks hidden under the proton 
signals of the PPh3 group.  There are two broad signals far downfield at 11.2 and 
10.01 ppm, and they are assigned to the methine protons H(10) and H(7) 
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respectively.  The rest of the signals could not be assigned with any degree of 
certainty. 
 
The electronic spectrum (Figure 3.22) is dominated by the intraligand π→π* 
transition of H2salt at 350 nm, with a shoulder at 365 nm and a lower intensity peak 
at 403 nm. 
 
 
Figure 3.21: IR spectrum of [ReOCl(PPh3)(H2salt)]. 
 
 
Figure 3.22: UV-Vis spectrum of [ReOCl(PPh3)(H2salt)] and H4salt. 
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3.3.6  Synthesis and characterization of fac-[Re(CO)3(H4salt)2]Cl (2) 
[Re(CO)5Cl] was reacted with two molar equivalents of H4salt in toluene and in an 
inert atmosphere (Figure 3.23), according to the equation: 
 
[Re(CO)5Cl]  +  2 H4salt  [Re(CO)3(H4salt)2]Cl  +  2 CO 
 
Re
N
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H
N
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HON
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1 2
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4
 
Figure 3.23: Line structure of fac-[Re(CO)3(H4salt)2]Cl and numbering. 
 
Crystals of 2 were obtained from the slow evaporation of the preparative solution at 
room temperature. Despite many attempts of recrystallization from different solvents 
and mixtures of solvents, only twinned crystals were obtained, and the 
crystallographic data could not be refined to an acceptable level.  Bond parameters 
could therefore not be used confidently, and are therefore not reported. 
 
A plot of the molecular structure could however be obtained and is presented in 
Figure 3.24.  Compound 2 is a cationic salt with a chloride counter-ion.  The 
rhenium(I) lies in a distorted octahedral environment, with the three CO ligands in a 
facial arrangement.  Both H4salt ligands are neutral.  One of the H4salt ligands acts 
as a bidentate chelate with coordination through the thiocarbonyl sulfur atom S(1) 
and the imino nitrogen N(1).  The second H4salt ligand acts as a monodentate 
through the thiocarbonyl sulfur atom S(2) only.  Monodentate coordination of 
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thiourea and its derivatives is not unusual, and has been observed in the complex 
salt fac-[Re(CO)3(tu)3](NO3) [tu = thiourea] [29]. 
 
 
Figure 3.24: Mercury plot of fac-[Re(CO)3(H4salt)2]Cl. Hydrogen atoms omitted for 
clarity. 
 
The infrared spectrum (Figure 3.25) of 2 displays three strong bonds in the carbonyl 
stretching region at 2026, 1913 and 1888 cm-1.  This pattern is typical for three 
carbonyls in a facial isomer arrangement around rhenium(I) [30].  There are two 
broad weak peaks at 3139 and 3011 cm-1, which are assigned to v(NH).  A strong 
peak, with a shoulder, at 1618 cm-1, is assigned to the stretching frequencies of the 
C=N groups in the two H4salt ligands.  A strong peak at 1557 cm
-1 and a medium-
intensity absorption at 530 cm-1 are assigned to v(C=S) and v(Re-N) respectively. 
 
In the 1H NMR spectrum of 2 there are four broad singlets far downfield at 12.10, 
11.88, 11.62 and 10.06 ppm.  These signals are assigned to the four methane HC=N 
protons H(2), H(1), H(4) and H(3) as labelled in Figure 3.23.  The rest of the 
spectrum consists of a ten proton multiplet in the range 6.82 to 7.10 ppm, and a six 
proton multiplet in the region 7.15 to 7.58 ppm.  These multiplets could not be 
resolved and the peaks could not be assigned. 
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The electronic absorption spectrum of 2 exhibits two peaks.  On the basis of 
previously reported spectroscopic studies of Re(I) tricarbonyl complexes [31, 32] the 
intense absorptions at 346 and 364 nm are assigned to the H4salt intraligand π→π* 
transitions, since similar absorptions are also observed for the uncoordinated H4salt 
compounds (Figure 3.26). 
 
 
Figure 3.25: IR spectra comparing H4salt and fac-[Re(CO)3(H4salt)2]Cl. 
 
 
Figure 3.26: UV-Vis spectra of fac-[Re(CO)3(H4salt)2]Cl and H4salt. 
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3.3.7  Synthesis and characterization of [Re(CO)3(H4vant)Br] (3) 
H4vant was reacted with [Re(CO)5Br] in toluene in a 2:1 molar ratio.  It was expected 
that the ligand H4vant would coordinate to the metal either through the sulfur only, or 
that it would act bidentately through a nitrogen and the sulfur (see Figure 3.27): 
 
[Re(CO)5Br]  +  H4vant  [Re(CO)3(H4vant)Br]  +  2 CO 
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Figure 3.27: Line structure of [Re(CO)3(H4vant)Br] and numbering scheme. 
 
However, this reaction produced extremely low yields, and no rhenium-containing 
product could be isolated from the work-up and manipulation of the synthetic 
solution.  It was clear that a mixture of products was formed and only a few crystals 
of a decomposition product of H4vant could be isolated.  The low yield only enabled 
the crystal structure of the product to be determined, and it was impossible to get 
enough of the compound for spectroscopic analysis. 
 
The line structure of the decomposition product, 1,2-bis(3-methoxy-4-
hydroxybenzylidene)hydrazine (dma), is shown in Figure 3.28, and its X-ray crystal 
structure is depicted in Figure 3.29. 
 
N
N
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HO
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Figure 3.28: Line structure of dma. 
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The ORTEP diagram (Figure 3.29) shows two basically identical structures 
(designated as 1 and 2).  Each structure is not totally planar as 1 has a dihedral 
angle of 12.01° between the phenyl rings and the C(17)-N(1)-N(1i)-C(17i) bonds and 
for structure 2 a dihedral angle of 4.71° was found between the phenyl rings and the 
C(27)-N(2)-N(2ii)-C(27ii) bonds. 
 
The bond angles and distances in the two molecules were compared and found that 
they are very similar with only slight differences.  The angles around N(1i)-N(1)-C(17) 
and N(2ii)-N(2)-C(27) were found to be 112.95(1)° and 111.36(2)° respectively.  With 
no hydrogen atoms present on the nitrogen atoms, each N-N bond is single [N(1i)-
N(1) = 1.409(2) Å and N(2ii)-N(2) = 1.405(2) Å].  The angle around N(1)-C(17)-C(11) 
was 121.97(1)°, and for N(2)-C(27)-C(21) it was found to be 122.60(2)°. 
 
 
Figure 3.29: ORTEP view the dma dimer, showing 50% probability displacement 
ellipsoids and the atom labelling. Hydrogen atoms omitted for clarity. 
 
Figure 3.30 shows the angle between the two molecules found in this structure, and 
it was found that they are angled 34.08° to each other. 
 
The intermolecular hydrogen-bonding (Table 3.5) aids in the stabilization of the 
crystal packing (Figure 3.31). 
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Figure 3.30: Angle present between the two molecules present in the dma dimer. 
 
 
Figure 3.31: Crystal packing and hydrogen-bonding of the dma dimer. 
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Table 3.5: Hydrogen-bond parameters (Å, °) 
D-H•••A D-H H•••A D•••A D-H•••A 
O(12)-H(12i)•••O(11) 0.787(2) 2.272(2) 2.675(2) 112.9(2) 
O(12)-H(12i)•••N(1) 0.787(2) 2.056(2) 2.809(2) 161.1(2) 
O(22)-H(22ii)•••O(12) 0.92(2) 2.215(2) 2.944(2) 136.4(2) 
O(22)-H(22ii)•••O(21) 0.92(2) 2.196(2) 2.668(2) 111.4(1) 
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Table 3.6: Crystal and structure refinement data for curcumin. 
Chemical formula C21H20O6 
Formula weight 368.38 
Crystal system Monoclinic 
Space group P2/n 
a 12.607(7) 
b 7.093(4) 
c 19.966(1) 
β 94.950(5) 
Volume (Å3) 1778.77(2) 
Z 4 
Density (Calcd.) ( gcm-3) 1.376 
Absorption coefficient (mm-1) 0.101 
F (000) 776 
Crystal size (mm) 0.05 x 0.15 x 0.24 
Θ range 4.3-26.3 
Index ranges   h -15/15 
 k -17/8 
 l -13/24 
Reflections measured 7276 
Independent/observed reflections 3600/1561 
Data/parameters 3600/251 
Goodness-of-fit F2 0.85 
Final R indices [I>2 σ(I)] 0.0446 
 (wR2 = 0.0589) 
Largest diff. peak/hole (eÅ-3) 0.22/-0.25 
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Table 3.7: Crystal and structure refinement data for the curcumin dimer. 
Chemical formula C21H20O6 
Formula weight 368.38 
Crystal system Orthorhombic 
Space group Pca21 
a 35.477(1) 
b 7.927(2) 
c 12.714(3) 
Volume (Å3) 3575.46(2) 
Z 8 
Density (Calcd.) ( gcm-3) 1.369 
Absorption coefficient (mm-1) 0.100 
F (000) 1552 
Crystal size (mm) 0.07 x 0.31 x 0.56 
Θ range 2.3-28.3 
Index ranges   h -46/46 
 k -10/10 
 l -12/16 
Reflections measured 18695 
Independent/observed reflections 7916/5964 
Data/parameters 7916/503 
Goodness-of-fit F2 1.02 
Final R indices [I>2 σ(I)] 0.0473 
 (wR2 = 0.1204) 
Largest diff. peak/hole (eÅ-3) 0.22/-0.19 
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Table 3.8: Crystal and structure refinement data for H4salt. 
Chemical formula C15H14N4O2S 
Formula weight 314.37 
Crystal system Monoclinic 
Space group P21/c 
a (Å) 5.603(5) 
b 7.440(5) 
c 34.560(5) 
β (°) 91.193(5) 
Volume (Å3) 1440.5(2) 
Z 4 
Density (Calcd.) ( gcm-3) 1.450 
Absorption coefficient (mm-1) 0.238 
F (000) 656 
Crystal size (mm) 0.04 x 0.09 x 0.25 
Θ range 2.8 – 28.3 
Index ranges   h -7/6 
 k -9/7 
 l -32/46 
Reflections measured 6774 
Independent/observed reflections 6382/3398 
Data/parameters 6382/202 
Goodness-of-fit F2 1.17 
Final R indices [I>2 σ(I)] 0.0796 
 (wR2 = 0.1891) 
Largest diff. peak/hole (eÅ-3) 0.44/-0.38 
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Table 3.9: Crystal and structure refinement data for H4vant. 
Chemical formula C17H18N4O4S. C2H6O 
Formula weight 420.49 
Crystal system Monoclinic 
Space group P21/c 
a (Å) 11.0847(2) 
b 9.939(2) 
c 19.5046(3) 
β (°) 102.164(1) 
Volume (Å3) 2100.64(7) 
Z 4 
Density (Calcd.) ( gcm-3) 1.330 
Absorption coefficient (mm-1) 0.192 
F (000) 888 
Crystal size (mm) 0.09 x 0.23 x 0.52 
Θ range 2.1 – 28.3 
Index ranges   h -14/14 
 k -8/13 
 l -25/26 
Reflections measured 19994 
Independent/observed reflections 5224/4312 
Data/parameters 5224/294 
Goodness-of-fit F2 1.03 
Final R indices [I>2 σ(I)] 0.0401 
 (wR2 = 0.1097) 
Largest diff. peak/hole (eÅ-3) 0.32/-0.25 
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Table 3.10: Crystal and structure refinement data for [ReOCl(PPh3)(H2salt)] (1). 
Chemical formula C33H27ClN4O3PReS. C3H6O 
Formula weight 870.36 
Crystal system Triclinic 
Space group P-1 
a (Å) 9.2566(3) 
b 10.2167(3) 
c 18.1505(5) 
α (°) 84.776(1) 
β (°) 83.148(1) 
γ (°) 88.147(1) 
Volume (Å3) 1696.79(9) 
Z 2 
Density (Calcd.) ( gcm-3) 1.704 
Absorption coefficient (mm-1) 3.815 
F (000) 864 
Crystal size (mm) 0.16 x 0.31 x 0.42 
Θ range 2.0 – 28.0 
Index ranges   h -11/12 
 k -13/12 
 l -23/22 
Reflections measured 29422 
Independent/observed reflections 8126/7962 
Data/parameters 8126/446 
Goodness-of-fit F2 1.14 
Final R indices [I>2 σ(I)] 0.0239 
 (wR2 = 0.0565) 
Largest diff. peak/hole (eÅ-3) 4.64/-1.91 
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Table 3.11: Crystal and structure refinement data for dma. 
Chemical formula C16H16N2O4 
Formula weight 300.31 
Crystal system Monoclinic 
Space group P21/c 
a (Å) 11.6096(3) 
b 7.4963(2) 
c 16.7547(3) 
β (°) 94.065(1) 
Volume (Å3) 1454.48(6) 
Z 4 
Density (Calcd.) ( gcm-3) 1.371 
Absorption coefficient (mm-1) 0.100 
F (000) 632 
Crystal size (mm) 0.14 x 0.28 x 0.41 
Θ range 2.4 – 28.3 
Index ranges   h -15/15 
 k -10/9 
 l -21/22 
Reflections measured 13675 
Independent/observed reflections 3615/3061 
Data/parameters 3615/205 
Goodness-of-fit F2 1.06 
Final R indices [I>2 σ(I)] 0.0505 
 (wR2 = 0.1705) 
Largest diff. peak/hole (eÅ-3) 0.42/-0.39 
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Table 3.12: Selected bond lengths (Å) and angles (°) for curcumin. 
Bond Lengths 
O(3) – C(10) 1.301(3) O(4) – C(12) 1.306(3) 
O(1) – C(1) 1.370(3) O(2) – C(2) 1.378(3) 
O(2) – C(7) 1.432(3) O(5) – C(19) 1.372(3) 
O(5) – C(21) 1.432(3) O(6) – C(18) 1.360(3) 
C(4) – C(8) 1.470(3) C(8) – C(9) 1.317(3) 
C(9) – C(10) 1.466(3) C(10) – C(11) 1.393(3) 
C(11) – C(12) 1.390(3) C(12) – C(13) 1.460(3) 
C(13) – C(14 1.332(3) C(14) – C(15) 1.465(3) 
Bond Angles 
O(3) – C(10) – C(11) 120.7(2) C(10) – C(11) – C(12) 120.2(2) 
O(4) – C(12) – C(11) 120.8(2) C(2) – O(2) – C(7) 118.1(2) 
C(19) – O(5) – C(21) 116.8(2) O(1) – C(1) – C(6) 118.4(2) 
C(8) – C(9) – C(10) 125.3(2) O(3) – C(10) – C(9) 115.2(2) 
C(9) – C(10) – C(11) 124.1(2) O(4) – C(12) – C(13) 117.7(2) 
C(13) – C(14) – C(15) 128.3(2) C(14) – C(15) – C(20) 122.8(2) 
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Table 3.13: Selected bond lengths (Å) and angles (°) for the curcumin dimer. 
Bond Lengths 
O(11) – C(11) 1.439(3) O(11) – C(113) 1.366(3) 
O(12) – C(114) 1.355(3) O(13) – C(14) 1.318(3) 
O(14) – C(16) 1.268(3) C(12) – C(13) 1.326(3) 
C(12) – C(111) 1.460(3) C(13) – C(14) 1.445(3) 
C(14) – C(15) 1.374(3) C(15) – C(16) 1.406(3) 
C(16) – C(17) 1.467(3) C(17) – C(18) 1.330(3) 
C(18) – C(121) 1.455(3) O(23) – C(24) 1.298(3) 
O(24) – C(26) 1.279(3) O(25) – C(223) 1.370(3) 
Bond Angles 
C(12) – C(13) – C(14) 123.9(2) O(13) – C(14) – C(15) 121.7(2) 
O(13) – C(14) – C(13) 116.9(2) C(13) – C(14) – C(15) 121.5(2) 
C(14) – C(15) – C(16) 121.7(2) C(15) – C(16) – C(17) 119.2(2) 
O(14) – C(16) – C(17) 119.9(2) O(14) – C(16) – C(15) 120.9(2) 
O(23) – C(24) – C(23) 117.3(2) C(23) – C(24) – C(25) 121.6(2) 
O(24) – C(26) – C(25) 120.4(2) O(24) – C(26) – C(27) 119.2(2) 
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Table 3.14: Selected bond lengths (Å) and angles (°) for H4salt. 
Bond Lengths 
S(1) – C(2) 1.691(4) O(1) – C(12) 1.354(5) 
O(2) – C(22) 1.366(5) N(1) – C(1) 1.276(5) 
N(1) – N(2) 1.364(5) N(2) – C(2) 1.352(5) 
N(3) – C(2) 1.343(5) N(3) – N(4) 1.365(5) 
N(4) – C(3) 1.278(5) C(1) – C(11) 1.459(6) 
C(3) – C(21) 1.449(5) C(11) – C(16) 1.400(5) 
C(11) – C(12) 1.413(5) C(12) – C(13) 1.396(6) 
C(21) – C(22) 1.415(5) C(21) – C(26) 1.395(5) 
Bond Angles 
N(2) – N(1) – C(1) 119.4(3) N(1) – N(2) – C(2) 118.5(3) 
N(4) – N(3) – C(2) 119.4(3) N(3) – N(4) – C(3) 118.3(3) 
N(1) – C(1) – C(11) 119.0(3) N(4) – C(3) – C(21) 119.8(3) 
S(1) – C(2) – N(3) 123.6(3) S(1) – C(2) – N(2) 122.9(3) 
N(2) – C(2) – N(3) 113.5(3) C(1) – C(11) – C(12) 121.8(3) 
O(1) – C(12) – C(11) 123.0(3) O(2) – C(22) – C(21) 123.0(3) 
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Table 3.15: Selected bond lengths (Å) and angles (°) for H4vant. 
Bond Lengths 
S(1B) – C(2) 1.669(4) N(1) – N(2) 1.381(2) 
N(1) – C(1) 1.279(2) N(2) – C(2) 1.345(2) 
N(3) – N(2) 1.332(2) N(3) – N(4) 1.388(2) 
N(4) – C(3) 1.283(2) O(11) – C(13) 1.366(2) 
O(12) – C(14) 1.360(2) O(21) – C(23) 1.373(2) 
O(22) – C(24) 1.364(2) O(11) – C(17) 1.423(2) 
C(11) – C(12) 1.404(2) C(11) – C(16) 1.388(2) 
C(21) – C(26) 1.389(2) C(21) – C(22) 1.403(2) 
Bond Angles 
N(2) – N(1) – C(1) 114.31(1) N(1) – N(2) – C(2) 120.80(1) 
N(4) – N(3) – C(2) 121.19(1) N(3) – N(4) – C(3) 112.58(1) 
N(1) – C(1) – C(11) 122.41(1) S(1B) – C(2) – N(2) 119.72(2) 
S(1B) – C(2) – N(3) 122.67(2) N(2) – C(2) – N(3) 116.21(1) 
N(4) – C(3) – C(21) 123.50(1) C(13) – O(11) – C(17) 116.9791) 
C(23) – O(21) – C(27) 117.59(1) C(12) – C(13) – C(14) 120.46(1) 
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Table 3.16: Selected bond lengths (Å) and angles (°) for [ReOCl(PPh3)(H2salt)] (1). 
Bond Lengths 
Re(1) – Cl(1) 2.463(7) Re(1) – S(5) 2.318(7) 
Re(1) – P(1) 2.415(7) Re(1) – O(1) 1.705(2) 
Re(1) – O(12) 2.072(2) Re(1) – N(1) 2.070(2) 
S(5) – C(9) 1.770(3) N(1) – C(10) 1.302(4) 
N(1) – N(2) 1.401(3) N(2) – C(9) 1.293(4) 
N(3) – N(4) 1.362(4) N(3) – C(9) 1.358(4) 
N(4) – C(7) 1.290(4) C(10) – C(11) 1.421(4) 
O(2) – C(2) 1.359(4) O(12) – C(12) 1.312(4) 
Bond Angles 
C(11) – Re(1) – S(5) 91.50(3) Cl(1) – Re(1) – O(1) 166.69(7) 
S(5) – Re(1) – O(12) 169.13(6) P(1) – Re(1) – N(1) 162.51(6) 
Re(1) – S(5) – C(9) 96.50(1) N(4) – N(3) – C(9) 120.0(3) 
N(3) – N(4) – C(7) 117.6(2) N(2) – C(9) – N(3) 116.2(3) 
Re(1) – N(1) – N(2) 121.61(2) N(2) – N(1) – C(10) 113.2(2) 
N(1) – N(2) – C(9) 113.7(2) N(1) – C(10) – C(11) 127.6(3) 
O(1) – Re(1) – N(1) 105.60(9) O(1) – Re(1) – O(12) 89.1(1) 
O(1) – Re(1) – S(5) 99.33(7) O(1) – Re(1) – P(1) 91.57(7) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 3 Curcumin and Thiocarbohydrazide Derivatives 
 
Nelson Mandela Metropolitan University   61 
 
 
Table 3.17: Selected bond lengths (Å) and angles (°) for dma. 
Bond Lengths 
O(11) – C(13) 1.362(2) O(12) – C(14) 1.357(2) 
O(21) – C(23) 1.373(2) O(22) – C(24) 1.366(3) 
N(1) – N(1i) 1.409(2) N(2) – N(2ii) 1.405(2) 
N(1) – C(17) 1.283(2) N(2) – C(27) 1.291(3) 
C(11) – C(17) 1.456(2) C(21) – C(27) 1.455(3) 
O(11) – C(18) 1.427(2) O(21) – C(28) 1.410(4) 
C(11) – C(16) 1.392(2) C(21) – C(26) 1.382(3) 
C(11) – C(12) 1.404(2) C(21) – C(22) 1.411(3) 
Bond Angles 
N(1i) – N(1) – C(17) 112.95(1) N(2ii) – N(2) – C(27) 111.36(2) 
N(1) – C(17) – C(11) 121.97(1) N(2) – C(27) – C(21) 122.6(2) 
C(13) – O(11) – C(18) 117.02(1) C(23) – O(21) – C(28) 115.85(2) 
O(12) – C(14) – C(13) 121.00(1) O(22) – C(24) – C(23) 122.02(2) 
O(11) – C(13) – C(12) 125.55(1) O(21) – C(23) – C(22) 126.45(2) 
O(11) – C(13) – C(14) 114.48(1) O(21) – C(23) – C(24) 113.23(2) 
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Chapter 4 
 
Coordination of Benzamide Derivatives to 
Rhenium(I) and (V) 
 
4.1 Introduction 
 
There has been considerable interest in benzoylthiourea derivatives as ligands for 
transition metals [1].  Sulfur has been an interesting element, particularly for the 
variety of its compounds and range of bonds in which it is involved [2].  Thiourea 
(Figure 4.1) and its derivatives are versatile ligands due to their coordination ability to 
a wide range of metal centres, either as neutral ligands, monoanions, or as dianions.   
 
H2N NH2
S
 
Figure 4.1: Line structure of thiourea. 
 
Thiourea and its derivatives have a wide variety of applications in the fields of 
medical, agricultural and analytical chemistry, and have shown in vitro activity 
against a large range of tumours [3].  They also exhibit a variety of biological 
activities, including antiviral [4], antibacterial [5], antifungal [6], antitubercular, 
herbicidal [7], insecticidal, and as chelating agents, in catalysis, and in anion 
recognition [8]. 
 
In this chapter the coordination properties of 4-bromo-N-
(diethylcarbamothioyl)benzamide (Hbeb) and 4-bromo-N-(diphenylcarbamothioyl) 
benzamide (Hbpb) with oxorhenium(V) and rhenium(I) will be reported and 
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discussed.  The ligands Hbeb and Hbpb are considered as analogues to curcumin in 
the sense that the β-diketonic oxygens of curcumin are replaced by the (thioformyl)-
formamide moiety of Hbeb/Hbpb, through which coordination to the rhenium metal 
centre would occur.  Transition metal complexes of these ligands were studied due 
to the wide range of applications of thiourea derivatives in biological fields.  N-
[Di(alkyl/aryl) carbamothioyl]benzamide derivatives readily coordinate to metal ions 
as O,S donors and the catalytic property of the complexes can be altered by these 
ligands, due to steric and electronic properties provided by various substituents [8, 
9]. 
 
N
H
O
N
S
R
R
R = CH2CH3: Hbeb
Br
R = Ph: Hbpb
 
Figure 4.2: Benzamide derivatives used in this study. 
 
4.2 Experimental 
 
4.2.1  Synthesis of 4-bromo-N-((di-R)carbamothioyl)benzamide (di-R = 
diethyl (Hbeb), diphenyl (Hbpb)) 
A mixture of 4-bromobenzoyl chloride (0.5 g, 2.5 mmol) with an equimolar amount of 
ammonium thiocyanate (0.24 g, 2.5 mmol) and the appropriate amine (Hbeb = 
diethylamine, Hbpb = diphenylamine) (2.5 mmol) in 15 cm3 of dry acetone was 
heated at reflux for 4 hours.  A yellow precipitate formed, which was filtered, and the 
mother liquor was left to evaporate at room temperature, resulting in yellow crystals. 
 
Analysis of Hbeb: Yield = 14%, m.p. > 300°C. Anal. Calcd. (%): C, 45.7; H, 4.8; N, 
8.9; S, 10.2. Found: C, 46.4; H, 4.3; N, 8.6; S, 9.8.  IR (νmax/cm
-1): ν(NH) 3281; 
ν(C=O) 1641; ν(C=S) 1286; ν(C-Br) 751. 1H NMR (295K, ppm): 8.51 (s, 1H, NH), 
7.74 (d, 1H, H(4)), 7.67 (d, 1H, H(6)), 7.65 (d, 1H, H(1)), 7.52 (d, 1H, H(3)), 1.18 (t, 
6H, 2 x CH3). 
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Analysis of Hbpb: Yield = 70%, m.p. = 164-168°C. Anal. Calcd. (%): C, 58.4; H, 3.7; 
N, 6.8; S, 7.8. Found: C, 57.1; H, 3.5; N, 6.7; S, 5.5. IR (νmax/cm
-1): ν(NH) 3186; 
ν(C=O) 1697; ν(C=S) 1255; ν(C-Br) 754. 1H NMR (295K, ppm) (see Figure 4.6 for 
numbering scheme): 8.51 (s, 1H, NH), 7.84 (d, 2H, H(12), H(16)), 7.60 (t, 2H, H(25), 
H(23)), 7.54 (t, 2H, H(33), H(35)), 7.46 (d, 2H, H(13), H(15)), 7.39 (d, 2H, H(22), 
H(26)), 7.18 (t, 1H, H(24)), 7.02 (d, 2H, H(32), H(36)), 6.86 (t, 1H, H(34)). 
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3
4
5
6
Br
7
N
H
O
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N
S
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10
12
11
 
Figure 4.3: Numbering system for Hbeb. 
 
 
Figure 4.4: 1H NMR spectrum of the aromatic region for Hbeb. 
 
4.2.2  Synthesis of [ReOBr2(PPh3)(beb)] (1) 
To a solution of Hbeb (0.05 g, 0.158 mmol) in 10 cm3 of toluene was added trans-
[ReOBr3(PPh3)2] (0.07 g, 0.08 mmol) in 5 cm
3 of toluene.  The mixture was heated in 
an oil bath at 80°C for 24 hours.  Thereafter, the reaction mixture was concentrated  
to about 5 cm3, and 20 cm3 of n-hexane was added.  The dark green precipitate 
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which formed was filtered, and crystals were grown from the mother liquor by slow 
evaporation.  Yield = 66%, m.p. > 300°C. Anal. Calcd. (%): C, 38.4; H, 3.1; N, 3.0; S, 
3.4. Found: C, 38.7; H, 2.9; N, 3.3; S, 3.5.  IR (νmax/cm
-1): ν(Re=O) 982; ν(Re-Br) 
358; ν(Re-O) 451; ν(C-P) 690; ν(Re-S) 381. 1H NMR (295K, ppm): 3.40 (q, 4H, CH2), 
1.21 (t, 6H, CH3).  
 
4.2.3  Synthesis of [Re(CO)3Br(Hbeb)2] (2) and [Re(CO)3(bpb)]2.C7H8 (3) 
A solution of [Re(CO)5X] (X = Br(2), Cl(3)) (0.05 g, 0.14 mmol) in 10 cm
3 of toluene 
was added to the appropriate ligand (0.28 mmol) in 5 cm3 of toluene.  The solution 
was heated at reflux under nitrogen for 3 hours, resulting in a clear yellow solution, 
which was filtered.  Crystals were grown by slow evaporation of the filtrate.  
 
Analysis of 2: Yield = 75%, m.p. = 148°C. Anal. Calcd. (%): C, 33.0; H, 3.4; N, 5.7; S, 
6.5. Found: C, 32.8; H, 3.2; N, 5.5; S, 6.8.  IR (νmax/cm
-1): ν(C=O, fac) 1888, 1943, 
2022; ν(C-Br) 745. 1H NMR (295K, ppm): 10.50 (s, 2H, 2 x NH), 7.77 (d, 4H), 7.58 
(d, 4H), 3.94 (q, 4H, CH2), 3.42 (q, 4H, CH2), 1.36 (t, 6H, CH3), 1.21 (t, 6H, CH3). UV-
vis (DMF, λmax(ε, M
-1cm-1)): 355 (7700), 441 (800). 
 
Analysis of 3: Yield = 24%, m.p. = 201°C. Anal. Calcd. (%): C, 40.4; H, 2.5; N, 4.1; S, 
4.7. Found: C, 44.6; H, 2.7; N, 3.7; S, 4.3. IR (νmax/cm
-1): ν(C=O, fac) 1902, 1932, 
2050; ν(C=N) 1577; ν(C=O) 1697. 1H NMR (295K, ppm): 7.87 (d, 2H), 7.11-7.83 (m, 
26H). UV-vis (CH3CN, λmax (ε, M
-1 cm-1)): 343 (15200), 448 (1100). 
 
4.2.4  X-ray Crystallography 
X-ray diffraction studies on crystals of Hbpb, 1, 2 and 3 were performed at 200 K 
using a Bruker Kappa Apex II diffractometer with graphite monochromated Mo Kα 
radiation (λ = 0.71069 Å).  APEX-II [10] was used for data collection and SAINT [10] 
for cell refinement and data reduction.  The structures were solved by direct methods 
using SHELXS-97 [11] or SIR97 [12], and refined by least-squares procedures using 
SHELXL-97 [11] with SHELXLE [13] as a graphical interface.  All non-hydrogen 
atoms were refined anisotropically, and the hydrogen atoms were calculated in 
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idealised geometrical positions.  Data were corrected for absorption effects using the 
numerical method using SADABS [10]. 
 
4.3 Results and Discussion 
 
4.3.1 Synthesis and characterization of 4-bromo-N-
{(diphenyl)carbamothioyl}benzamide (Hbpb) 
The benzamide derivative 4-bromo-N-((diphenyl)carbamothioyl)benzamide (Hbpb) 
(Figure 4.5) was synthesized by reacting 4-bromobenzoyl chloride, ammonium 
thiocyanate and diphenylamine in equimolar ratios in the presence of acetone. 
 
BrC6H4COCl  +  KSCN  +  HN(C6H5)2  Hbpb  +  KCl 
 
Br
N
H
O
N
S
 
Figure 4.5: Structure of Hbpb. 
 
An ORTEP view of its crystal structure is shown in Figure 4.6.  The sulfur and 
oxygen atoms do not lie in the same plane, which could lead to interesting bonding 
possibilities. The amine nitrogen N(1) still contains a hydrogen, indicating that the 
double bonds are localized on the carbon-oxygen [C(2)-O(1)] and carbon-sulfur 
[C(1)-S(1)] bonds, with bond distances of 1.209(3) and 1.665(2) Å, respectively. 
These distances corresponds to those in the literature [C-S: 1.666(2) Å and C-O: 
1.215(3) Å] [4].  All the C-N bonds, C(2)-N(1) [1.395(3) Å], C(1)-N(1) [1.398(3) Å], 
C(1)-N(2) [1.346(3) Å], C(21)-N(2) [1.443(3) Å] and C(31)-N(2) [1.446(3) Å] also 
indicate partial double bond character.  The bond angle around N(2) [C(21)-N(2)-
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C(31) = 115.1(2)°] is close to the expected 110° angle for a trigonal-pyramidal sp3 
hybridized nitrogen centre.  
 
 
Figure 4.6: ORTEP view of Hbpb showing 50% probability displacement ellipsoids 
and the atom labelling. 
 
The IR spectrum of Hbpb (Figure 4.7) is characterized by an absorption of medium 
intensity at 3160 cm-1, assigned to the N-H stretching frequency.  Peaks at 1697 and 
1255 cm-1 are assigned to ν(C=O) and ν(C=S) respectively. 
 
 
Figure 4.7: IR spectrum of Hbpb. 
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In the 1H NMR spectrum (Figure 4.8) the signal of the NH proton occurs furthest 
downfield as a singlet at 8.51 ppm, with the protons of the phenyl rings appearing 
between 6.86 and 7.84 ppm.   The signals of the four protons residing on the bromo-
phenyl moiety appear as two doublets at 7.39 and 7.85 ppm, integrating for two 
protons each.  The remainder of the aromatic region consists of the signals due to 
the nitrogen bonded phenyl groups. 
 
 
Figure 4.8: 1H NMR spectrum of Hbpb. 
 
Hbpb was excited at 420 nm in chloroform, giving an emission at 501 nm, as shown 
in Figure 4.9. 
 
 
Figure 4.9: Emission spectrum of Hbpb, excited at 420 nm. 
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4.3.2  Synthesis and characterization of [ReOBr2(PPh3)(beb)] (1) 
For the synthesis of [ReOBr2(PPh3)(beb)] (Figure 4.10), equimolar amounts of Hbeb 
and [ReOBr3(PPh3)2] were reacted in the solvent toluene.  The reaction can be 
described by the equation: 
 
Hbeb  +  [ReOBr3(PPh3)2]  [ReOBr2(PPh3)(beb)]  +  HBr  +  PPh3 
 
O
N
S
Re
N
Br
OBr
P
Br
 
Figure 4.10: Line structure of [ReOBr2(PPh3)(beb)]. 
 
The ORTEP view of the crystal structure for [ReOBr2(PPh3)(beb)] is shown in Figure 
4.11.    The geometry around the rhenium(V) centre is distorted octahedral.  The 
basal plane is defined by the two bromides Br(1) and Br(2), the sulfido S(1) and the 
phosphorus atom P(1).  The oxo O(2) and neutral ketonic oxygen atom O(1) are in 
trans axial positions.  The two bromides are coordinated to the metal centre cis to 
each other, with the Br(1)-Re-Br(2) angle close to orthogonality [87.92(2)°]. 
 
The O(2)-Re-O(1) angle deviates from linearity at 176.05(2)°.  The steric impact of 
the oxo oxygen O(2) is reflected by the angles O(2)-Re-P(1)  = 89.9(1)°, O(2)-Re-
Br(1) = 101.3(1)°, O(2)-Re-Br(2) = 96.6(1)° and O(2)-Re-S(1) = 96.05(1)°. 
 
The bond Re-Br(2), trans to P(1), at 2.537(5) Å, is significantly longer than the Br(1)-
Re bond, trans to the thiolato sulfur [2.511(7) Å].  This result confirms the higher 
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trans influence of the phosphine group.  The other bond distances in the molecule 
are normal. 
 
The deprotonation of the nitrogen atom N(1) leads to pi-delocalization in the six-
membered chelate ring, which is affected by the aliphatic and aromatic groups 
adjacent to it.  The bond angle around N(2) [C(3)-N(2)-C(5) = 115.40(5)°] is close to 
that of a trigonal pyramidal sp2 hybridized nitrogen.  The S(1) is present as a sulfide 
with C(2) singly bonded to S(1) with a bond distance of 1.748(6) Å. The bond length 
C(1)-O(1) is 1.294(7) Å, indicating a double bond.  The coordination of a neutral 
ketonic oxygen atom is unusual in the coordination chemistry of rhenium(V).  Re(1)-
O(1) is a single bond with a bond distance of 2.052(4) Å, which is longer than 
expected but is supported by the fact that the C(1)-O(1) bond is double, and that 
O(1) is a neutral donor atom.  The bond distance between C(1)-N(1) and C(2)-(N1) is 
1.312(7) Å and 1.348(7) Å respectively, which is in between the bond distance of a 
single and double bond, showing that pi-delocalization does take place in the 6-
membered ring system. This is also supported by the bond angle around N(1) [C(1)-
N(1)-C(2) = 123.86(5)°]. 
 
 
Figure 4.11: ORTEP view of the crystal structure of [ReOBr2(PPh3)(beb)] (1), 
showing 50% probability displacement ellipsoids and the atom labelling. 
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The crystal packing and hydrogen-bonding shown in Figure 4.12 show that 
intermolecular hydrogen-bonding occurs between H(12)•••O(1), H(25)•••O(2) and 
H(32)•••Br(1) (Table 4.1).  No intramolecular hydrogen bonding is observed for the 
complex. 
 
Table 4.1: Hydrogen-bond parameters (Å, °). 
D-H•••A D-H H•••A D•••A D-H•••A 
C(12)H(12)•••O(1) 0.950 2.380 2.706(6) 100 
C(25)H(25)•••O(2) 0.950 2.590 3.385(6) 142 
C(32)H(32)•••Br(1) 0.950 2.770 3.508(7) 135 
 
 
Figure 4.12: Crystal packing of complex 1, displaying intermolecular hydrogen-
bonding. 
 
The IR spectrum (Figure 4.13) shows a distinctive strong peak at 982 cm-1, which is 
assigned to ν(Re=O).  The stretching frequency at 451 cm1 is assigned to the Re(1)-
O(1) bond.  A distinctive peak was also found at 381 cm-1 for the Re-S stretch. 
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Figure 4.13: IR spectrum of [ReOBr2(PPh3)(beb)] (1). 
 
Figure 4.14 shows the 1H NMR spectrum for complex 1. There is no signal which 
can be ascribed to the NH proton present on the ligand, proving that N(1) is 
deprotonated. 
 
 
Figure 4.14: 1H NMR spectrum of [ReOBr2(PPh3)(beb)] (1). 
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A ligand centred transition can be seen in the emission spectrum (Figure 4.15), of 
complex 1, giving an emission at 415 nm in DMF when excited at 290 nm. 
 
 
Figure 4.15: Emission spectrum of complex 1 (in DMF), excited at 290 nm, resulting 
in an emission at 415 nm. 
 
 
4.3.3  Synthesis and characterization of fac-[Re(CO)3(Hbeb)2Br] (2) 
For the synthesis of [Re(CO)3(Hbeb)2Br] (Figure 4.16), two equivalents of Hbeb was 
reacted with [Re(CO)5Br] in the solvent toluene under a nitrogen atmosphere.  The 
reaction is described by: 
 
[Re(CO)5Br]  +  2Hbeb  [Re(CO)3(Hbeb)2Br]  +  2CO 
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Figure 4.16: Structure of [Re(CO)3(Hbeb)2Br]. 
 
Figure 4.17 shows the ORTEP view for the crystal structure of [Re(CO)3(Hbeb)2Br].  
The complex has a distorted octahedral geometry, with the bromide and two sulfur 
atoms in a facial arrangement, imposed by the fac-[Re(CO)3]
+core.  Hbeb 
coordinates as a neutral monodentate ligand with coordination via the thiocarbonyl 
sulfur atom only.  The packing in the unit cell, shows discrete monomeric and neutral 
units, with no intermolecular contacts shorter than the Van Der Waals’ radii sum.   
 
The three Re-C bond distances [average 1.910(3) Å] fall in the range observed 
[1.900(2)-1.928(2) Å] for similar complexes [14].  The rhenium atom is bonded to two 
of the ligands, through the sulfur atoms, with the bond lengths of S(1)-Re(1) and 
S(2)-Re(1) being 2.5027(7) Å and 2.5234(8) Å respectively. These bond distances 
correspond to similar bond lengths in the literature between the metal and a neutral 
sulfur donor atom [15].  The bond distances C(1)-S(1) and C(3)-S(2) [at 1.703(3) Å 
and 1.709(3) Å respectively] are indicative of double bonds, lengthened somewhat 
by coordination. The oxygen atoms O(1) and O(2) are not coordinated, and are 
doubly bonded to C(2) and C(4) respectively [C(2)-O(1) = 1.210(4) Å, C(4)-O(2) = 
1.211(3) Å] which are both close to the double bond distances stated in literature 
[16].  It is clear that enolization of the ligands has not occurred.   
 
The distortion from the octahedral ideality is mainly the result of the trans angles 
S(1)-Re(1)-C(90) = 175.4(1)°, S(2)-Re(1)-C(91) = 176.09(9)° and Br(3)-Re(1)-C(92) 
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= 178.3(1)°.  The bond angle around C(1) [S(1)-C(1)-N(1) = 119.3(2)°] and around 
C(3) [S(2)-C(3)-N(3) = 119.5(2)°] indicates that these carbons are sp2 hybridized.  
 
 
Figure 4.17: ORTEP view of the crystal structure of [Re(CO)3(Hbeb)2Br] (2), showing 
50% probability displacement ellipsoids and the atom labelling. 
 
Intramolecular hydrogen-bonding occurs (Figure 4.18) and can be seen between 
Br(3) and the hydrogen attached to N(1) and also between Br(3) and the hydrogen of 
N(3). There is also hydrogen-bonding occurring between the hydrogen on C(34) and 
O(1) (Table 4.2). 
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Figure 4.18: Crystal packing and hydrogen-bonding for [Re(CO)3(Hbeb)2Br] (2). 
 
Table 4.2: Hydrogen-bond parameters (Å, °). 
D-H•••A D-H H•••A D•••A D-H•••A 
N(1)H(71)•••Br(3) 0.820(4) 2.520(4) 3.326(3) 168(3) 
N(3)H(73)•••Br(3) 0.880(3) 2.45(3) 3.313(2) 166(3) 
C(34)H(34A)•••O(1) 0.980 2.390 3.096(4) 129 
 
The IR spectrum of 2 is shown in Figure 4.19.  It has three distinct peaks present at 
1888, 1943 and 2022 cm-1, which corresponds to the three facial carbonyl ligands 
present on the rhenium.  There is also a peak present at 745 cm-1, which shows the 
presence of the C-Br on the phenyl ring of the Hbeb ligand.  The ν(C=O) of the 
ligand is assigned to the peak at 1703 cm-1, with ν(C=S) and ν(NH) at 1535 and 
3119 cm-1 respectively. 
 
In the 1H NMR spectrum of 2 (Figure 4.20), the signal of the NH proton occurs the 
furthest downfield as a singlet at 10.50 ppm, with the four protons on each phenyl 
ring appearing as two doublets at 7.77 and 7.58 ppm.  The presence of the four ethyl 
chains is confirmed by two-proton quartets at 3.94 and 3.42 ppm and two three-
proton triplets at 1.36 and 1.21 ppm. 
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Figure 4.19: IR spectrum of [Re(CO)3(Hbeb)2Br] (2). 
 
 
Figure 4.20: 1H NMR spectrum of [Re(CO)3(Hbeb)2Br] (2).  
 
The electronic absorption spectrum is dominated by an intense band in the UV 
spectral region, which is related to the intraligand π→π* transition.  At lower energy, 
it exhibits the absorptions of a metal-to-ligand charge transfer, dπ(Re)→π*(L) 
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(MLCT).  The photo-excitation of complex 2 at 422 nm in acetone gives rise to a 
ligand-centred emission at 503 nm (Figure 4.21) [17]. 
 
 
Figure 4.21: Emission spectrum of [Re(CO)3(Hbeb)2Br] (2), with excitation at 422 
nm. 
 
 
3.3.4  Synthesis and characterization of [Re(CO)3(bpb)]2.C7H8 (3) 
The complex [Re(CO)3(bpb)]2.C7H8 (3) (Figure 4.22), was formed by the reaction of 
two equivalents of Hbpb with [Re(CO)5Cl] in the solvent toluene under a nitrogen 
atmosphere.  The reaction is described by: 
 
2 [Re(CO)5Cl]  +  2 Hbpb  [Re(CO)3(bpb)]2  +  4 CO  +  2 HCl 
 
The dimer is produced by inversion, of which the centre is positioned in the centre of 
the nearly square Re2S2 ring. Each rhenium(I) atom has a distorted octahedral 
geometry, with an oxygen and two bridging thiolic sulfur atoms coordinated in a facial 
arrangement to the fac-[Re(CO)3]
+ moiety.  Both of the ligands act as monoanionic 
tridentate ligands with coordination through a neutral carbonyl oxygen and an anionic 
bridging thiolate sulfur atom. 
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Figure 4.22: Line structure of [Re(CO)3(bpb)]2. 
 
The ORTEP diagram of 3 (Figure 4.23) is characterized by a rhombic (µ-S)2Re2 unit 
at the centre of the molecule.  Each sulfur-bridge is symmetrical, with Re-S bond 
distances very similar [Re(1)-S(1) = 2.514(2) Å, Re(1)-S(1’) = 2.530(2) Å].  These 
bond distances fall within the range normally observed for thiolate sulfur atoms, 
which are coordinated to a fac-[Re(CO)3]
+ core [18].  The Re-Re distance across the 
rhombus is 3.803(2) Å, implying no Re-Re bonding.  The Re-C(carbonyl) distances 
[1.905(4) Å] fall within the observed range.  The Re(1)-O(1) bond distance of 
2.154(2) Å is considerably longer than the observed distance of a Re-O(alcoholate) 
bond, which normally occurs around 2.00(2) Å [18], implying that O(1) is a neutral 
benzoyl oxygen atom. 
 
The distortion from an ideal octahedral geometry round the rhenium is mainly the 
result of the constraints imposed by the coordination of the Hbpb ligand, which forms 
a five-membered chelate ring with Re(1) [O(1)-Re(1)-S(1) = 85.61 (6)°]. 
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The bonding parameters in the ligand shows that it is coordinated in the 
deprotonated enolate form.   The C(1)-O(1) [1.251(4) Å] bond is present as a double 
bond, the C(2)-S(1) bond is single [1.782(4) Å] and C(2)-N(1) is a methinyl double 
bond with a bond distance of 1.308(4) Å, compared to the single C(2)-N(2) bond 
which has a distance of 1.354(5) Å. 
 
 
Figure 4.23: ORTEP view of [Re(CO)3(bpb)]2.C7H8 (3), showing 50% probability 
displacement ellipsoids and the atom labelling. 
 
From the IR spectrum in Figure 4.24, there are three strong bands in the carbonyl 
stretching region at 2050, 1932 and 1902 cm-1.  This is typical for three carbonyls in 
a facial isomer arrangement around the rhenium [19].  The ν(C=O) of the ligand 
occurs as a medium intensity peak at 1697 cm-1, with a strong absorption at 1577 
cm-1 being assigned to ν(C=N). 
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Figure 4.24: IR spectrum of [Re(CO)3(bpb)]2 (3). 
 
The 1H NMR spectrum of [Re(CO)3(bpb)]2 is not informative, with a 26 proton 
multiplet in the range 7.11-7.83 ppm (Figure 4.25). 
 
 
Figure 4.25: 1H NMR spectrum of the aromatic region of [Re(CO)3(bpb)]2 (3). 
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In the electronic spectrum of 3, the absorption of the metal-to-ligand charge transfer, 
dπ(Re)→π*(L) (MLCT), is very intense, which is reasonable since it has a 
conjugated π system.  The photo-excitation of complex 3 at 420 nm (in 
dichloromethane) gives rise to a ligand centered emission at 489 nm (Figure 4.26), 
which is close to that of the ligand (at 500 nm) [19, 20]. 
 
 
Figure 4.26: Emission spectra of [Re(CO)3(bpb)]2 (3) and the ligand Hbpb, with an 
excitation energy of 420 nm. 
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Table 4.3: Crystal and structure refinement data for Hbpb. 
Chemical formula C20H15BrN2OS 
Formula weight 411.31 
Crystal system Triclinic 
Space group P-1 
a (Å) 6.785(5) 
b 9.964(7) 
c 13.426(9) 
α (°) 89.123(3) 
β (°) 78.952(3) 
γ (°) 89.816(3) 
Volume (Å3) 893.66(1) 
Z 2 
Density (calcd.) ( gcm-3) 1.529 
Absorption coefficient (mm-1) 2.427 
F (000) 416 
Θ range 3.1 – 28.0 
Index ranges   h -8/8 
 k -13/13 
 l -17/17 
Reflections measured 14718 
Independent/observed reflections 4210/3645 
Data/parameters 4210/230 
Goodness-of-fit F2 1.04 
Final R indices [I>2 σ(I)] 0.0486 
 (wR2 = 0.1514) 
Largest diff. peak/hole (eÅ-3) 1.34/-1.22 
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Table 4.4: Crystal and structure refinement data for [ReOBr2(PPh3)(beb)] (1). 
Chemical formula C30H29Br3N2O2PReS 
Formula weight 938.50 
Crystal system Triclinic 
Space group P-1 
a (Å) 9.771(4) 
b 10.926(5) 
c 16.656(7) 
α (°) 83.431(2) 
β (°) 83.607(2) 
γ (°) 66.478(2) 
Volume (Å3) 1615.50(1) 
Z 2 
Density (calcd.) ( gcm-3) 1.929 
Absorption coefficient (mm-1) 7.615 
F (000) 900 
Θ range 2.8 – 28.0 
Index ranges   h -12/12 
 k -14/14 
 l -21/19 
Reflections measured 27180 
Independent/observed reflections 7710/7059 
Data/parameters 7710/361 
Goodness-of-fit F2 1.12 
Final R indices [I>2 σ(I)] 0.0346 
 (wR2 = 0.0851) 
Largest diff. peak/hole (eÅ-3) 2.69/-1.45 
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Table 4.5: Crystal and structure refinement data for [Re(CO)3(Hbeb)2Br] (2). 
Chemical formula C27H30Br3N4O5ReS2 
Formula weight 980.60 
Crystal system Monoclinic 
Space group P21/c 
a (Å) 14.621(2) 
b 10.099(1) 
c 25.6219(3) 
β (°) 116.793(1) 
Volume (Å3) 3377.99(8) 
Z 4 
Density (calcd.) ( gcm-3) 1.928 
Absorption coefficient (mm-1) 7.310 
F (000) 1888 
Θ range 2.5 – 28.3 
Index ranges   h -19/18 
 k -13/11 
 l -34/34 
Reflections measured 31526 
Independent/observed reflections 8416/7131 
Data/parameters 8416/391 
Goodness-of-fit F2 1.06 
Final R indices [I>2 σ(I)] 0.0227 
 (wR2 = 0.0498) 
Largest diff. peak/hole (eÅ-3) 1.08/-1.12 
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Table 4.6: Crystal and structure refinement data for [Re(CO)3(bpb)]2 (3). 
Chemical formula C46H28Br2N4O8Re2S2.C8H10 
Formula weight 1467.24 
Crystal system Triclinic 
Space group P-1 
a (Å) 9.754(5) 
b 12.222(5) 
c 12.338(5) 
α (°) 105.692(5) 
β (°) 111.686(5) 
γ (°) 93.255(1) 
Volume (Å3) 1295.5(1) 
Z 1 
Density (Calcd.) ( gcm-3) 1.881 
Absorption coefficient (mm-1) 6.349 
F (000) 706 
Crystal size (mm) 0.05 x 0.09 x 0.45 
Θ range 1.8 – 28.3 
Index ranges   h -13/12 
 k -16/16 
 l -16/15 
Reflections measured 22334 
Independent/observed reflections 6382/5671 
Data/parameters 6382/326 
Goodness-of-fit F2 1.05 
Final R indices [I>2 σ(I)] 0.0223 
 (wR2 = 0.0517) 
Largest diff. peak/hole (eÅ-3) 1.80/-1.15 
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Table 4.7: Selected bond lengths (Å) and angles (°) for Hbpb. 
Bond lengths 
C(1) – S(1) 1.665(2) C(2) – O(1) 1.209(3) 
C(1) – N(1) 1.389(3) C(2) – N(1) 1.395(3) 
C(1) – N(2) 1.346(3) C(21) – N(2) 1.446(3) 
C(31) – N(2) 1.443(3) C(2) – C(11) 1.489(3) 
C(2) – C(11) 1.489(3) C(11) – C(16) 1.392(3) 
C(11) – C(12) 1.385(4) C(12) – C(13) 1.386(4) 
Bond angles 
C(21) – N(2) – C(31) 115.1(2) N(1) – C(1) – N(2) 116.3(2) 
C(1) – N(1) – C(2) 121.1(2) S(1) – C(1) – N(1) 120.6(2) 
O(1) – C(2) – N(1) 122.4(2) S(1) – C(1) – N(2) 123.1(2) 
C(1) – N(2) – C(21) 123.8(2) N(1) – C(2) – C(11) 114.9(2) 
O(1) – C(2) – C(11) 122.7(2) C(2) – C(11) – C(12) 122.2(2) 
Br(1) – C(14) – C(15) 119.5(2) Br(1) – C(14) – C(13) 118.8(2) 
N(2) – C(21) – C(22) 120.4(2) N(2) – C(21) – C(26) 118.9(2) 
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Table 4.8: Selected bond lengths (Å) and angles (°) for [ReOBr2(PPh3)(beb)] (1). 
Bond Lengths 
Re(1) – O(1) 2.052(4) Re(1) – O(2) 1.681(4) 
S(1) – C(2) 1.748(6) Re(1) – S(1) 2.398(2) 
O(1) – C(1) 1.294(7) C(1) – C(11) 1.468(7) 
N(1) – C(1) 1.312(7) N(2) – C(2) 1.316(7) 
N(1) – C(2) 1.348(7) Re(1) – Br(1) 2.511(7) 
Re(1) – Br(2) 2.537(5) Re(1) – P(1) 2.453(1) 
Br(3) – C(14) 1.868(7) N(2) – C(3) 1.469(8) 
N(2) – C(5) 1.484(8) C(3) – C(4) 1.510(1) 
C(5) – C(6) 1.492(2) C(11) – C(12) 1.386(8) 
Bond Angles 
C(1) – N(1) – C(2) 123.9(5) Re(1) – O(1) – C(1) 134.3(3) 
C(3) – N(2) – C(5) 115.4(5) Re(1) – S(1) – C(2) 101.9(2) 
Br(1) – Re(1) – Br(2) 87.92(2) S(1) – Re(1) – O(1) 80.08(1) 
S(1) – Re(1) – P(1) 88.82(5) S(1) – Re(1) – O(2) 96.05(1) 
O(1) – Re(1) – O(2) 176.05(2) C(2) – N(2) – C(3) 121.2(5) 
C(2) – N(2) – C(5) 123.3(5) O(1) – C(1) – C(11) 115.3(4) 
N(1) – C(1) – C(11) 117.9(5) O(1) – C(1) – N(1) 126.8(5) 
S(1) – C(2) – N(1) 123.4(4) S(1) – C(2) – N(2) 119.6(4) 
Br(1) – Re(1) – O(2) 101.3(1) Br(2) – Re(1) – O(2) 96.6(1) 
P(1) – Re(1) – O(2) 89.9(1) P(1) – Re(1) – O(1) 86.25(9) 
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Table 4.9: Selected bond lengths (Å) and angles (°) for [Re(CO)3(Hbeb)2Br] (2). 
Bond lengths 
Re(1) – S(1) 2.503(7) Re(1) – S(2) 2.523(8) 
S(1) – C(1) 1.703(3) S(2) – C(3) 1.709(3) 
O(1) – C(2) 1.210(4) O(2) – C(4) 1.211(3) 
N(1) – C(1) 1.392(3) N(1) – C(2) 1.394(4) 
N(2) – C(1) 1.324(4) N(2) – C(31) 1.480(3) 
N(3) – C(3) 1.382(4) N(3) – C(4) 1.394(4) 
N(4) – C(3) 1.320(4) N(4) – C(41) 1.479(5) 
Bond angles 
Br(3) – Re(1) – C(92) 178.27(1) S(1) – Re(1) – C(90) 175.35(1) 
S(1) – Re(1) – C(91) 94.25(1) S(1) – C(1) – N(1) 119.3(2) 
S(2) – C(3) – N(3) 119.5(2) S(1) – Re(1) – S(2) 85.63(3) 
Re(1) – S(1) – C(1) 115.22(8) Re(1) – S(2) – C(3) 116.50(1) 
Br(3) – Re(1) – S(1) 92.99(2) Br(3) – Re(1) – S(2) 93.91(2) 
C(1) – C(1) – C(2) 124.1(2) C(3) – N(3) – C(4) 124.3(2) 
S(1) – C(1) – N(2) 121.33(2) N(1) – C(1) – N(2) 119.2(3) 
O(1) – C(2) – N(1) 122.80(2) N(1) –C(2) – C(11) 115.0(2) 
O(1) – C(2) – C(11) 122.1(3) S(2) – C(3) – N(4) 122.0(3) 
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Table 4.10: Selected bond lengths (Å) and angles (°) for [Re(CO)3(bpb)]2 (3). 
Bond Lengths 
Re(1) – S(1) 2.514(2) Re(1) – O(1) 2.154(2) 
Re(1) – C(41) 1.905(4) Re(1) – S(1”) 2.531(2) 
S(1) – C(2) 1.782(4) O(1) – C(1) 1.251(4) 
N(1) – C(2) 1.308(4) N(2) – C(2) 1.354(5) 
N(1) – C(1) 1.333(4) C(1) – C(11) 1.486(5) 
Re(1) – C(42) 1.910(4) Re(1) – C(43) 1.901(4) 
Br(1) – C(14) 1.893(4) N(2) – C(21) 1.448(5) 
N(2) – C(31) 1.438(4) C(11) – C(12) 1.384(5) 
Bond Angles 
S(1) – Re(1) – O(1) 85.61(6) S(1) – Re(1) – C(41) 91.87(1) 
S(1) – Re(1) – S(1”) 82.11(3) S(1”) – Re(1) – O(1) 77.45(7) 
C(1) – N(1) – C(2) 127.5(3) O(1) – C(1) – N(1) 127.6(3) 
N(1) – C(1) – C(11) 114.9(3) S(1) – C(2) – N(1) 126.6(3) 
S(1”) – Re(1) – C(41) 171.0(1) S(1”) – Re(1) – C(42) 98.43(1) 
Re(1) – S(1) – Re(1”) 97.89(3) C(2) – N(2) – C(21) 118.5(3) 
C(2) – N(2) – C(31) 124.8(3) C(21) – N(2) – C(31) 116.6(3) 
O(1) – C(1) – C(11) 117.4(3) S(1) – C(2) – N(2) 116.7(2) 
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Chapter 5 
 
[ReVX(PPh3)2]
4+
 Complexes Containing Mono- and 
Tridentate Imido Ligands 
 
5.1 Introduction 
 
The +V oxidation state dominates the coordination chemistry of the metal rhenium, 
since it can easily be accessed from the two-electron reduction of perrhenate   
(ReO4
-). Oxorhenium(V) complexes are usually stable and substitutionally inert, 
making them ideally suited as building blocks for potential therapeutic applications in 
nuclear medicine [1]. This approach does, however, have a disadvantage since the 
oxo group dominates the chemistry of rhenium(V) in terms of geometries, structures, 
magnetic properties and reactivity, which limit the further exploration of the 
coordination chemistry in this oxidation state.  Therefore, many current research 
efforts focus on rhenium(V) cores with metal-nitrogen multiple bonds, such as 
metal(V)-nitrido, hydrazide and imido moieties [2-5]. 
 
Part of the current focus is on stable Re(V) complexes with multidentate ligands 
containing an amino group, which on deprotonation can lead to coordinated chelates 
containing the phenylimido [Re=NC6H4-X] core (Figure 5.1), or other coordinated 
derivatives of nitrogen, such as imines, amines and amides.  One of the advantages 
of the phenylimido group over the oxo group is that it can be functionalized and 
derivatized.  An example of this is the compound [188Re(=NC6H4-X)Cl3(PPh3)2], 
containing a para-substituted phenylimido moiety which was functionalized with a 
carboxylic group conjugated to different cholesterol derivatives [6].  However, it has 
also been revealed that many phenylimidorhenium(V) compounds are hydrolytically 
unstable, which was attributed to the monodentate ligands being present in the 
coordination sphere [7].  For this reason, the use of multidentate imido-containing 
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ligands in the synthesis of rhenium(V) complexes may be beneficial.  The synthesis 
and structure of the rhenium(V) complex [Re(amb)(OEt)I(PPh3)2] has recently been 
reported, in which the trianionic bidentate 2-imido-3-methylbenzoate (amb3-) chelates 
via the imido nitrogen and deprotonated acetoxy oxygen [8].  Previously this has 
been extended to the synthesis of a rhenium(V) complex containing a tridentate 
ligand with a coordinated imido nitrogen.  The complex salt 
[Re(mps)Cl(PPh3)2](ReO4) was synthesized from the reaction of trans-
[ReOCl3(PPh3)2] with the Schiff base N-(2-amino-3-methylphenyl)salicylideneimine 
(H3mps) in ethanol. 
 
N
X
Re
NRe
X
 
Figure 5.1: Line structure representation of the phenylimido cores found in this 
study, being bent or straight. 
 
In this chapter, two rhenium(V) complex salts of the core [ReX(PPh3)2]
4+ (X = Br, I) 
(Figure 5.2), containing a coordinated imido nitrogen, are reported.  One is a ‘2+1’ 
complex, with the other a similar ‘3+0’ complex containing a tridentate imido-
coordinated Schiff base. 
 
Re
PPh3
Ph3P
X
L
L
L X = Br, I
L = Coordinated ligand
n+
 
Figure 5.2: General line structure of cores reported in this chapter. 
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5.2 Experimental 
 
5.2.1  Synthesis of 4-[(2-hydroxyphenyl)imino]-2-pentanone (H2hpa) 
An ethanol solution (10 cm3) of acetylacetone (1.0 g, 0.01 mol) was added to another 
ethanol solution (25 cm3) of 2-aminophenol (1.09 g, 0.01 mol).  After the solution was 
stirred under reflux for 5 h, the solvent was partly removed under reduced pressure, 
resulting in yellow needle-like crystals.  The crystals were collected by filtration and 
dried in air.  Yield  = 78%, m.p. = 194°C.  Anal. Calcd. (%): C, 69.1; H, 6.9; N, 7.3.  
Found: C, 70.0; H, 6.9; N, 7.4.  IR (vmax/cm
-1): v(CH) 2871; v(NH) 2729; v(C=O) 
1589; v(CH aromatic) 748. Electronic spectrum (DMF, λ (ε, M-1cm-1)): 328 (15850). 
 
5.2.2  Synthesis of N-(2-aminophenyl)salicylideneimine (H3pna) 
This synthesis was performed by the Schiff base condensation reaction of 
salicylaldehyde (0.38 mmol) with 1,2-diaminobenzene (0.38 mmol) in 15 cm3 
methanol (Figure 5.3).  The mixture was heated under reflux, and on cooling to room 
temperature the product precipitated.  Yield = 71%, m.p.= 223 °C.  IR (vmax/cm
-1): 
v(OH) 3066; v(C=N) 1602; v(NH2) 2830. Electronic spectrum (CHCl3, λ (ε, M
-1cm-1)): 
348 (16500). 
 
OH N
H2N  
Figure 5.3: Line structure of H3pna. 
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Figure 5.4: IR spectrum of H3pna. 
 
 
Figure 5.5: UV-Vis spectrum of complex H3pna. 
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5.2.3  Synthesis of [Re(pna)Br(PPh3)2]0.5Br.0.5ReO4 (1) 
H3pna was dissolved in 10 cm
3 of 1-butanol containing piperidine (0.117 mmol).  This 
solution was added to a hot solution of trans-[ReOBr3(PPh3)2] (0.117 mmol, 110 mg) 
in 20 cm3 ethanol.  The resulting solution was heated under reflux.  After 3 h, the 
solvent was removed by rotary evaporation, yielding some product, which was 
filtered off.  From the slow evaporation of the filtrate at room temperature, light brown 
crystals were obtained.  Yield = 60%, m.p.= 189 °C.  IR (νmax/cm
-1): v(Re=N) 1092s; 
v(C=N) 1587s; v(Re-N) 518m; v(Re-O) 443m.  Electronic spectrum (CHCl3, λ (ε, M
-
1cm-1)): 471(230), 407(980). 1H NMR (295K, ppm): 7.4 – 7.6 (m, aromatic). 
 
5.2.4  Synthesis of [Re(Hnob)(H2nob)I(PPh3)2]I (2) 
An ethanol solution (5 cm3) of trans-[ReOI2(OEt)(PPh3)2] ( 50 mg, 0.2 mmol) was 
mixed with an ethanol solution (10 cm3) of H2hpa (150 mg, 0.13 mmol).  The solution 
was stirred under reflux for 3 h, after which it was filtered, yielding no precipitate.  
The mother liquor was allowed to evaporate at room temperature, resulting in dark 
green crystals, suitable for XRD analysis.  Yield = 65%, m.p.= 232 °C. IR (νmax/cm
-1): 
v(Re=N) 1091s; v(N-H) 3224w, 3251w; v(Re-N) 456m; v(Re-O) 448m.  Electronic 
spectrum (CHCl3, λ (ε, M
-1cm-1)): 433 (12000), 394 (13500), 301 (30300). 1H NMR 
(295K, ppm): 7.21 (m, 16H, PPh3); 7.33 (m, 8H, PPh3); 7.49 (m, 6H, PPh3); 7.61 (m, 
2H, H(111), H(112)); 6.87 (d, 1H, H(126)); 6.73 (t, 2H, H(114), H(115)); 6.68 (d, 1H, 
H(123)); 6.31 (t, 2H, H(124), H(125)). 
 
5.2.5  X-ray Crystallography 
X-ray diffraction studies on crystals of H2hpa, 1 and 2 were performed at 200 K using 
a Bruker Kappa Apex II diffractometer with graphite monochromated Mo Kα radiation 
(λ = 0.71069 Å).  APEX-II [9] was used for data collection and SAINT [9] for cell 
refinement and data reduction.  The structures were solved by direct methods using 
SHELXS-97 [10] or SIR97 [11], and refined by least-squares procedures using 
SHELXL-97 [10] with SHELXLE [12] as a graphical interface.  All non-hydrogen 
atoms were refined anisotropically, and the hydrogen atoms were calculated in 
idealised geometrical positions.  Data were corrected for absorption effects using the 
numerical method using SADABS [9]. 
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5.3 Results and Discussion 
 
5.3.1 Synthesis and characterization of 4-[(2-hydroxyphenyl)imino]-2-
pentanone (H2hpa) 
The Schiff base derivative (Figure 5.6) was synthesized by reacting acetylacetone 
(Hacac) with 2-aminophenol (H3nob) in equimolar ratios in the presence of ethanol. 
 
Hacac  +  (2-NH2)C6H4OH   H2hpa  +  H2O 
 
HNO
HO
 
Figure 5.6:  Structure of H2hpa. 
 
The X-ray crystal structure of H2hpa is shown in Figure 5.7.  The C(1)-N(1) bond is 
single [1.341(1) Å], with the C(11)-N(1)-C(1) bond angle [130.81(1) °] considerably 
larger than would be expected for a sp3 hybridized nitrogen atom.  The C(1)-C(3) 
bond is double [1.382(2) Å], with the N(1)-C(1)-C(3) and C(1)-C(3)-C(4) angles at 
120.46(1)° and 124.45(1)° respectively, close to the ideal of 120° for sp2-hybridized 
carbon atoms.  The C(4)-O(2) bond is a double bond [1.260(2) Å], with the C(3)-
C(4)-C(5) angle equal to 118.83(1)°.  The conformation of the structure is stabilized 
by two intramolecular hydrogen-bonds involving the N(1)H proton (Table 5.1). 
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Figure 5.7: ORTEP view of H2hpa showing 50% probability displacement ellipsoids 
and the atom labelling. 
 
 
Figure 5.8: Crystal packing of H2hpa, displaying inter- and intramolecular hydrogen-
bonding. 
 
Table 5.1: Hydrogen-bond parameters (Å, °) 
D-H•••A D-H H•••A D•••A D-H•••A 
N(1)-H(1)•••O(1) 0.87 2.25(3) 2.632(1) 106 
N(1)-H(1)•••O(2) 0.87 1.93 2.641(1) 137 
O(1)-H(1A)•••O(2) 0.86(2) 1.78(2) 2.638(1) 175(2) 
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The IR spectrum (Figure 5.9) shows weak peaks at 2871 cm-1 and 2729 cm-1 for 
v(C(3)-H) and  v(N-H) respectively.  A strong peak is found at 1589 cm-1, indicating 
the presence of the C=O bond, and a strong peak at 748 cm-1 indicates the C-H 
stretching frequencies in the aromatic ring. 
 
 
Figure 5.9: IR spectrum of H2hpa. 
 
Figure 5.10 shows the UV-Vis spectrum for H2hpa, which consists of a single band at 
328 nm. 
 
 
Figure 5.10:  UV-Vis spectrum of H2hpa. 
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5.3.2 Synthesis and characterization of [Re(pna)Br(PPh3)2] 
0.5Br.0.5ReO4 (1) 
The ligand H3pna was synthesized by the condensation of equimolar quantities of 
salicylaldehyde and 1,2-diaminobenzene in methanol.  The compound 2 (Figure 
5.11) was prepared by the reaction of trans-[ReOBr3(PPh3)2] with two mol 
equivalents of H3pna in ethanol, 
 
[ReOBr3(PPh3)2]  +  H3pna   [Re(pna)Br(PPh3)2]
+  +  HBr  +  Br -  +  H2O 
 
Re
O
N
N
Br
PPh3
PPh3
Re
O
N
N
Br
PPh3
PPh3
Re
O
O
O
O
Br
 
Figure 5.11: Structure of [Re(pna)Br(PPh3)2] 0.5Br.0.5ReO4 (1). 
 
Spectroscopic and X-ray crystallographic results indicate that in 1 the chelate pna is 
present as a trinegative tridentate ligand, with coordination through the doubly 
deprotonated amino nitrogen (to form a coordinated imido group), the deprotonated 
phenolic oxygen atoms and the imine nitrogen.  Due to tendency of rhenium(V) to 
form neutral complexes, the formation of the cation [Re(pna)Br(PPh3)2]
+ is quite 
surprising, since neutrality could easily have been obtained by substitution of PPh3 
ligand to form the neutral complex [Re(pna)Br2(PPh3)].  The formation of the [ReO4]
- 
counter-ion is also surprising, and it intimates that complex redox processes are 
operative in this reaction system. 
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Figure 5.12 shows that there are two molecules of [Re(pna)Br(PPh3)2]
+ in the 
asymmetric unit, together with the two counter-ions Br – and [ReO4]
-.  The bonding 
parameters of the two molecules are very similar.  Each rhenium(V) ion is centred in 
an octahedral environment with the equatorial plane formed by the P2BrN donor set.  
The octahedron is severely distorted, with the Br-Re-P bond angles close to 
orthogonality [Br(1)-Re(1)-P(11) = 91.01(5)°, Br(1)-Re(1)-P(12) = 90.99(5)°, Br(2)-
Re(2)-P(21) = 90.56(6)°, Br(2)-Re(2)-P(22) = 89.47(6)°].  There are large deviations 
from orthogonality for the Br-Re-O [Br(1)-Re(1)-O(1) = 92.9(2)°, Br(2)-Re(2)-O(2) = 
97.3(2)°], Br(1)-Re(1)-N(12) [107.9(2)°] and Br(2)-Re(2)-N(22) [104.4(2)°] angles.  
The N(12)-Re(1)-O(1) [159.2(3)°] and N(22)-Re(2)-O(2) [158.3(3)°] angles deviate 
considerably from linearity.  The two phenyl rings of pna make a dihedral angle of 
1.97° and 7.18° with one another in Re(1) and Re(2) complexes respectively, 
indicating that in both molecules they are almost co-planar.  The P-Re-P angles are 
176.77(7)° and 179.09(7)° for the Re(1) and Re(2) complexes respectively.  The bite 
angles O(1)-Re(1)-N(11) [83.5(3)°] and N(11)-Re(1)-N(12) [ 75.7(3)°] are comparable 
to those in the Re(2) complex [84.1(3)° and 74.2(3)° respectively]. 
 
The pna ligand acts as a tridentate trianionic moiety, with N(12) and N(22) 
coordinated to the metal as dinegative imido nitrogen atoms.  The Re(1)-N(12) and 
Re(2)-N(22) bond lengths are identical [1.772(7) Å], and fall at the upper most limit of 
the range normally observed for Re-N(imido) bonds [2, 13].  They are considerably 
shorter than the values usually found for ReV-amide [1.98-2.05 Å] and ReV-amino 
bonds [2.15-2.23 Å] [14].  The Re(1)-N(12)-C(122) [129.3(6)°] and Re(2)-N(22)-
C(222) [131.0(5)] angles indicate significant deviation from linearity of the 
coordination mode of the phenylimido unit, with a concomitant reduction in bond 
order.  The Re(1)-N(11) [2.174(8) Å] and Re(2)-N(21) [2.191(9) Å] bond lengths are 
typical of ReV-N(imine) bonds [14], and the Re-O lengths [Re(1)-O(1) = 1.924(6) Å, 
Re(2)-O(2) = 1.896(6) Å] fall at the lower end of the range normally observed for 
ReV-O (phenolate) bonds [15]. 
 
The average C-N-C bond angle around N(11) and N(21) is 119.7(9) °, close to the 
ideal of 120° for a sp2 hybridized nitrogen atom.  The N(11)-C(1) [1.28(1) Å] and 
N(21)-C(2) bonds [1.24(1) Å] are double. 
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The [ReO4]
- counter-ion has approximately regular tetrahedral geometry, with the 
average Re(3)-O distance equalling 1.415(8) Å.  Both the two counter-ions make 
close contacts with both complex cations. 
 
 
Figure 5.12: ORTEP view of [Re(pna)Br(PPh3)2] 0.5Br.0.5ReO4 (1) showing 50% 
probability displacement ellipsoids and the atom labelling.  Hydrogen atoms were 
omitted for clarity. 
 
 
Figure 5.13: Intermolecular hydrogen-bonding for complex 1. 
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Table 5.2: Hydrogen-bond parameters (Å, °) 
D-H•••A D-H H•••A D•••A D-H•••A 
C(1)-H(1)•••Br(3) 0.95 2.91 3.809(1) 158 
C(116)-H(116)•••Br(3) 0.95 2.85 3.756(1) 159 
C(134)-H(134)•••O(31) 0.95 2.52 3.184(1) 127 
C(235)-H(235)•••O(34) 0.95 2.52 3.161(1) 135 
 
The 1H NMR spectrum (not shown) was inconclusive for the analysis of complex 1.  
There are however peaks present in the aromatic region for the phenyl rings of the 
PPh3 ligands, but other distinctive peaks of the pna ligand are hidden below these 
signals. 
 
The IR spectrum of 1 (Figure 5.15) displays the Re=N stretching frequency as a 
medium-intensity band at 1092 cm-1, with no band in the 920-990 cm-1 region that 
can be ascribed to v(Re=O).  The presence of the perrhenate is indicated by a very 
strong peak at 905 cm-1 [v(ReVII=O)].  Re-N and Re-O stretches occur at 518 and 
443 cm-1 respectively. 
 
 
Figure 5.15: Comparison of the IR spectra of complex 1 and H3pna. 
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The electronic spectrum (Figure 5.16) in DMF shows an intense absorption at 293 
nm (not shown), with weaker ones at 471 and 407 nm. With reference to previous 
spectroscopic studies [16], the intense band at 293 nm, with an extinction coefficient 
of 7300 M-1cm-1, is tentatively assigned to a ligand-to-metal charge transfer transition 
[pπ(N
2-)→d*π(Re)].  The weak absorption at 471 nm is probably due to a 
(dxy)
2→(dxy)
1(d*π)
1 transition. 
 
 
Figure 5.16: UV-Vis spectrum of complex 1. 
 
5.3.3  Synthesis and characterization of [Re(Hnob)(H2nob)I(PPh3)2]I (2) 
The oxo-free complex cation [Re(Hnob)(H2nob)I(PPh3)2]
+ (Figure 5.18) (H3nob = 2-
aminophenol) was isolated as the iodide salt, which unexpectedly formed from a 1:2 
molar ratio reaction between trans-[ReO(OEt)I2(PPh3)2] and  H2hpac in ethanol.  The 
reaction is described by: 
 
[ReOI2(OEt)(PPh3)2]  +  2 H2hpa  [Re(Hnob)(H2nob)I(PPh3)2]I +  2 Hacac 
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Figure 5.18: Line structure of [Re(Hnob)(H2nob)I(PPh3)2]I. 
 
There are two molecules of the complex cation [Re(Hnob)(H2nob)I(PPh3)2]
+ in the 
asymmetric unit (Figure 5.19).  Each Re(V) ion resides in a distorted octahedral 
environment, with the largest contributors to the distortion being the angles N(12)-
Re(1)-I(1) [101.0(1)°] and N(12)-Re(1)-O(11) [169.2(2)°] in the Re(1) complex [N(22)-
Re(2)-I(2) = 101.6(2)°; N(22)-Re(2)-O(21) = 168.9(2)°].  The N(12)-Re(1)-P(11) 
[92.3(1)°], N(12)-Re(1)-P(12) [91.6(1)°] and N(12)-Re(1)-N(11) [92.5(2)°] angles are 
close to orthogonality, and the P(11)-Re(1)-P(12) angle is 176.03(4)°, significantly 
larger than the P(21)-Re(2)-P(22) one [173.23(4)°].  The phenyl rings of the Hnob 
and H2nob make a dihedral angle of 5.24° and 8.33° with one another in the Re(1) 
and Re(2) complexes respectively. 
 
The Hnob ligands are coordinated monodentately to the metal via the imido 
nitrogens N(12) and N(22), with the respective Re(1)-N(12) [1.725(3) Å] and Re(2)-
N(22) [1.721 Å] bond distances typical of rhenium(V)-imido bonds [2, 13].  The 
Re(1)-N(12)-C(121) [169.0(4)°] and Re(2)-N(22)-C(221) [171.0(4)°] angles are 
substantially larger than the corresponding angles in complex 1, resulting in 
increased bond order and considerably shorter Re-N(imido) bond distances in 2. 
 
The H2nob ligand acts as a bidentate monoanionic chelate. The Re(1)-O(11) 
[2.013(3) Å] and Re(2)-O(21) [2.001(3) Å] bond distances are longer than these 
bonds in complex 1, with the Re(1)-O(11)-C(112) [120.1(3)°] and Re(2)-O(21)-
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C(212) [120.7(3)°] angles substantially smaller than in complex 1 [Re(1)-O(1)-C(112) 
= 138.6(6)°; Re(2)-O(2)-C(212) = 138.1(6)°].  The Re(1)-N(11) [2.196(5) Å] and 
Re(2)-N(21) [2.219(4) Å] bond lengths are longer than the Re-N(imino) lengths  in 1, 
and they are typical of Re(V)-N(amino) bonds.  The bite angles O(11)-Re(1)-N(11) 
and O(21)-Re(2)-N(21) are 76.8(2)° and 76.0(1)° respectively. 
 
 
Figure 5.19: ORTEP view of [Re(Hnob)(H2nob)I(PPh3)2]I showing 50% probability 
displacement ellipsoids and the atom labelling.  Hydrogen atoms were omitted for 
clarity. 
 
 
Figure 5.20: Intramolecular hydrogen-bonding. 
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Table 5.3: Hydrogen-bond parameters (Å, °) 
D-H•••A D-H H•••A D•••A D-H•••A 
N(11)-H(11)•••O(12) 0.84 2.00 2.718(6) 142 
N(21)-H(21)•••O(22) 0.82 2.09 2.740(7) 136 
 
The 1H NMR spectrum (Figure 5.21) is dominated by the three multiplets (at 7.21, 
7.33 and 7.49 ppm) due to the 30 protons of the two PPh3 groups.  These three 
peaks integrate for 16, 8 and 6 protons respectively.  The eight aromatic protons of 
the Hnob and H2nob ligands give rise to a two-proton multiplet (at 7.61 ppm), a one-
proton doublet at 6.87 ppm, a triplet at 6.73 ppm (two protons), a doublet at 6.68 
ppm (one proton) and a two-proton triplet at 6.31 ppm.  These signals have been 
tentatively assigned to the protons H(111)/H(112), H(126), H(114)/H(115), H(123), 
and H(124)/H(125) respectively (see Figure 5.19 for labelling). 
 
 
Figure 5.21: 1H NMR spectrum of complex 2. 
 
The IR spectrum (Figure 5.22) contains a medium intensity absorption at 1091 cm-1, 
which is within the region (1000-1200 cm-1) expected for v(Re=N-) [2, 13].  Two weak 
peaks at 3224 and 3251 cm-1 are indicative of the presence of the neutral amino 
group in the complex. 
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Figure 5.22: IR spectrum of complex 2. 
 
The UV-vis spectrum (Figure 5.23) exhibits two electronic transitions at 394 and 301 
nm, due to the intraligand Hnob and H2nob π→π* transitions. A d-d transition 
[(dxy)
2→(dxy)
1(d*π)
1] is indicated by a weak absorption at 433 nm. 
 
 
Figure 5.23: UV-Vis spectrum of complex 2.  
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Table 5.4: Crystal and structure refinement data for H2hpa. 
Chemical formula C11H13NO2 
Formula weight 191.22 
Crystal system Orthorhombic 
Space group P212121 
a 8.7924(2) 
b 10.4246(3) 
c 11.1899(3) 
Volume (Å3) 1025.64(5) 
Z 4 
Density (Calcd.) ( gcm-3) 1.238 
Absorption coefficient (mm-1) 0.085 
F (000) 408 
Crystal size (mm) 0.13 x 0.30 x 0.44 
Θ range 2.7-28.3 
Index ranges   h -8/11 
 k -13/13 
 l -14/9 
Reflections measured 5370 
Independent/observed reflections 2535/2329 
Data/parameters 2535/133 
Goodness-of-fit F2 1.04 
Final R indices [I>2 σ(I)] 0.0332 
 (wR2 = 0.0875) 
Largest diff. peak/hole (eÅ-3) 0.16/-0.16 
 
 
 
 
 
 
 
Chapter 5      Mono- and Tridentate Imido Ligands 
 
Nelson Mandela Metropolitan University   114 
 
Table 5.5:  Crystal and structure refinement data for [Re(pna)Br(PPh3)2] 
0.5Br.0.5ReO4 (1) 
Chemical formula 2(C49H39BrN2OP2Re), O4Re, Br 
Formula weight 2329.85 
Crystal system Triclinic 
Space group P-1 
a 10.8685(3) 
b 20.5660(5) 
c 22.4453(5) 
α (°) 115.989(1) 
β (°) 103.124(1) 
γ (°) 90.497(1) 
Volume (Å3) 4358.24(2) 
Z 2 
Density (Calcd.) ( gcm-3) 1.775 
Absorption coefficient (mm-1) 5.662 
F (000) 2264 
Crystal size (mm) 0.16 x 0.26 x 0.35 
Θ range 1.0/28.4 
Index ranges   h -12/14 
 k -27/27 
 l -28/29 
Reflections measured 77674 
Independent/observed reflections 21677/17210 
Data/parameters 21677/1063 
Goodness-of-fit F2 1.02 
Final R indices [I>2 σ(I)] 0.0561 
 (wR2 = 0.1327) 
Largest diff. peak/hole (eÅ-3) 11.43/-6.93 
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Table 5.6:  Crystal and structure refinement data for [Re(Hnob)(H2nob)I(PPh3)2]I 
(2). 
Chemical formula C48H39IN2O2P2Re,I 
Formula weight 1177.76 
Crystal system Triclinic 
Space group P-1 
a 11.1202(2) 
b 20.8189(5) 
c 21.8667(5) 
α (°) 62.267(1) 
β (°) 80.503(1) 
γ (°) 89.008(1) 
Volume (Å3) 4409.16(2) 
Z 4 
Density (Calcd.) ( gcm-3) 1.774 
Absorption coefficient (mm-1) 4.269 
F (000) 2272 
Crystal size (mm) 0.09 x 0.11 x 0.36 
Θ range 1.1/28.4 
Index ranges   h -14/14 
 k -26/27 
 l -28/29 
Reflections measured 78068 
Independent/observed reflections 21800/17521 
Data/parameters 21800/1029 
Goodness-of-fit F2 1.07 
Final R indices [I>2 σ(I)] 0.0323 
 (wR2 = 0.0757) 
Largest diff. peak/hole (eÅ-3) 2.28/-2.17 
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Table 5.7:  Selected bond lengths (Å) and angles (°) for H2hpa. 
Bond Lengths 
O(1) – C(12) 1.360(2) O(2) – C(4) 1.260(2) 
N(1) – C(1) 1.341(1) N(1) – C(11) 1.417(2) 
C(1) – C(2) 1.502(2) C(1) – C(3) 1.382(2) 
C(3) – C(4) 1.508(2) C(11) – C(16) 1.393(2) 
C(11) – C(12) 1.401(2) C(12) – C(13) 1.390(2) 
C(13) – C(14) 1.387(2) C(14) – C(15) 1.378(2) 
Bond Angles 
C(1) – N(1) – C(11) 130.81(1) N(1) – C(1) – C(2) 120.29(1) 
N(1) – C(1) – C(3) 120.46(1) C(2) – C(1) – C(3) 119.22(1) 
C(1) – C(3) – C(4) 124.45(1) C(3) – C(4) – C(5) 118.83(1) 
O(2) – C(4) – C(5) 118.67(1) O(2) – C(4) – C(3) 122.87(1) 
N(1) – C(11) – C(12) 115.93(1) N(1) – C(11) – C(16) 124.52(1) 
O(1) – C(12) – C(11) 116.69(1) C(12) – C(11) – C(16) 119.43(1) 
C(11) – C(12) – C(13) 120.07(1) O(1) – C(12) – C(13) 123.24(1) 
C(12) – C(13) – C(14) 119.72(1) C(13) – C(14) – C(15) 120.50(1) 
C(14) – C(15) – C(16) 120.24(1) C(11) – C(16) – C(15) 120.00(1) 
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Table 5.8:  Selected bond lengths (Å) and angles (°) for [Re(pna)Br(PPh3)2] 
0.5Br.0.5ReO4 (1). 
Bond Lengths 
Re(1) – Br(1) 2.508(1) Re(2) – Br(2) 2.500(1) 
Re(1) – O(1) 1.924(6) Re(2) – O(2) 1.896(6) 
Re(1) – N(11) 2.174(8) Re(2) – N(21) 2.191(9) 
Re(1) – N(12) 1.772(7) Re(2) – N(22) 1.773(6) 
Re(1) – P(11) 2.486(2) Re(2) – P(21) 2.483(3) 
Re(1) – P(12) 2.491(2) Re(2) – P(22) 2.488(2) 
N(11) – C(1) 1.28(1) N(21) – C(2) 1.24(1) 
Re(3) – O(31) 1.713(8) Re(3) – O(34) 1.718(7) 
Re(3) – O(33) 1.719(8) Re(3) – O(32) 1.709(8) 
Bond Angles 
O(1) – Re(1) – N(12) 159.2(3) O(2) – Re(2) – N(22) 158.3(3) 
P(11) – Re(1) – P(12) 176.77(7) P(21) – Re(2) – P(22) 179.09(7) 
O(1) – Re(1) – N(11) 83.5(3) O(2) – Re(2) – N(21) 84.1(3) 
N(11) – Re(1) – N(12) 75.7(3) N(21) – Re(2) – N(22) 74.2(3) 
Br(1) – Re(1) – N(11) 176.4(2) Br(2) – Re(2) – N(21) 178.7(2) 
Br(1) – Re(1) – O(1) 92.9(2) Br(2) – Re(2) – O(2) 97.3(2) 
P(11) – Re(1) – O(1) 88.32(2) P(21) – Re(2) – O(2) 89.7(2) 
P(11) – Re(1) – N(11) 89.33(2) P(21) – Re(2) – N(21) 89.4(2) 
P(11) – Re(1) – N(12) 90.8(2) P(21) – Re(2) – N(22) 90.5(3) 
P(12) – Re(1) – O(1) 89.06(2) P(22) – Re(2) – O(2) 89.4(2) 
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Table 5.9:  Selected bond lengths (Å) and angles (°) for 
[Re(Hnob)(H2nob)I(PPh3)2]I (2). 
Bond Lengths 
Re(1) – N(12) 1.725(3) Re(2) – N(22) 1.721(4) 
Re(1) – O(11) 2.013(3) Re(2) – O(21) 2.001(3) 
Re(1) – N(11) 2.196(5) Re(2) – N(21) 2.219(4) 
Re(1) – I(1) 2.723(4) Re(2) – I(2) 2.718(4) 
Re(1) – P(11) 2.499(1) Re(2) – P(21) 2.479(1) 
Re(1) – P(12) 2.492(1) Re(2) – P(22) 2.494(1) 
Bond Angles 
O(11) – Re(1) – N(11) 76.8(2) O(21) – Re(2) – N(21) 76.0(1) 
P(11) – Re(1) – P(12) 176.03(4) P(21) – Re(2) – P(22) 173.23(4) 
N(12) – Re(1) – O(11) 169.2(2) N(22) – Re(2) – O(21) 168.9(2) 
I(1) – Re(1) – N(11) 166.5(1) I(2) – Re(2) – N(21) 165.4(1) 
I(1) – Re(1) – O(11) 89.8(1) I(2) – Re(2) – O(21) 89.5(1) 
I(1) – Re(1) – P(11) 89.30(3) I(2) – Re(2) – P(21) 89.88(3) 
I(1) – Re(1) – P(12) 90.50(3) I(2) – Re(2) – P(22) 88.73(3) 
I(1) – Re(1) – N(12) 100.99(1) I(2) – Re(2) – N(22) 101.6(1) 
P(11) – Re(1) – O(11) 88.77(9) P(21) – Re(2) – O(21) 85.99(1) 
P(11) – Re(1) – N(11) 88.91(1) P(21) – Re(2) – N(21) 90.12(1) 
 
 
 
 
 
  
Chapter 5      Mono- and Tridentate Imido Ligands 
 
Nelson Mandela Metropolitan University   119 
 
5.4 References 
[1] S. Liu, D.S. Edwards, Chem. Rev., 1999, 99, 2235. 
[2] X. Couillens, M. Gressier, R. Turpin, M. Dartiguenave, Y. Coulais, A.L. 
Beauchamp, J. Chem. Soc. Dalton Trans., 2002, 914. 
[3] U. Abram, Inorg. Chem. Commun., 1999, 2, 227. 
[4] F. Refosco, F. Tisato, C. Bolzati, G. Bandoli, J. Chem. Soc. Dalton Trans., 
1993, 605, and references therein. 
[5] B. Machura, I. Gryca, M. Wolff, Polyhedron, 2012, 31, 128. 
[6] J.B. Arterburn, K.A. Hall, I.M. Fogarty, D.M. Goreham, J.C. Bryan, K.C. Ott, 
Radiochem. Acta, 1997, 79, 119. 
[7] M. Porchia, F. Fisato, F. Refosco, C. Bolzati, M. Cavazza-Ceccato, G. 
Bandoli, Inorg. Chem., 2005, 44, 4766. 
[8] T.I.A. Gerber, D. Luzipo, P. Meyer, J. Coord. Chem., 2003, 56, 1549. 
[9] APEX2, SADABS and SAINT, 2010, Bruker AXS Inc., Madison, Wisconsin, 
USA. 
[10] G.M. Sheldrick, Acta Cryst., 2008, A64, 112. 
[11] A. Altomare, M.C. Burla, G. Cascarano, C. Giacovazzo, A. Guagliardi, A.G.G. 
Moliterni, G. Polodori, J. Appl. Cryst., 1995, 28, 842. 
[12] C.B. Hubschle, G.M. Sheldrick, B. Dittrich, J. Appl. Cryst., 2011, 44, 1281. 
[13]  F. Refosco, F. Tisato, C. Bolzati, G. Bandoli, J. Chem. Soc. Dalton Trans., 
1993, 604, and references therein. 
[14] T. Gerber, D. Luzipo, P. Mayer, J. Coord. Chem., 2005, 58, 637, and 
references therein. 
[15] P.D. Benny, C.L. Barnes, P.M. Piekarsky, J.D. Lydon, S.S. Jurisson, Inorg. 
Chem., 2003, 42, 6519. 
Chapter 5      Mono- and Tridentate Imido Ligands 
 
Nelson Mandela Metropolitan University   120 
 
[16] V.W.W. Yam, K.K. Tam, M.C. Cheng, S.M. Peng, Y. Wang, J. Chem. Soc. 
Dalton Trans., 1992, 1717;  J.R. Winkler, H.B. Gray, Inorg. Chem., 1985, 24, 
346;  V.W.W. Yam, Y.L. Yui, K.M.C. Wong, K.K. Cheung, Inorg. Chim. Acta, 
2000, 300, 721. 
 
 
Chapter 6      Biological Testing 
 
Nelson Mandela Metropolitan University   121 
 
Chapter 6 
 
Biological Testing 
 
6.1 Introduction 
 
The principal treatments for oesophageal cancer are surgery, chemotherapy and 
radiation therapy.  The application of these treatments depends on the stage of the 
disease at diagnosis, and the treatment objective is to cure, the palliation of 
symptoms, or of the prolongation of survival.  Because oesophageal cancer is 
associated with such early systemic spread, effective chemotherapy would be a 
great addition to its management.  There has been advancement in recent years, but 
the benefits of chemotherapy remain modest.  Although a wide range of single 
agents (most recently Paclitaxel) has shown activity against oesophageal cancer, 
combinations of chemotherapeutic agents have produced the best results [1, 2, 3]. 
 
The half maximal inhibitory concentration (IC50) is a measure of the effectiveness of 
a compound in inhibiting biochemical or biological function.  This quantitative 
measure indicates how much of a certain drug is required to inhibit a given biological 
process (or component of a process, i.e. a microorganism, cell receptor, cell or 
enzyme) by half.  It is commonly used as a measure of antagonist drug potency in 
pharmaceutical research. 
 
6.2 Testing 
 
6.2.1 Testing of Curcumin against oesophageal cancer 
Figure 6.1 shows the decrease in the cancer cells with the change in concentration 
of curcumin.  The IC 50 value was determined to be 7.54 µM, which is very low and 
promising, especially for the use as a cancer treatment compound. 
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Figure 6.1: Line structure of curcumin. 
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Figure 6.2: Effects of curcumin on oesophageal cancer cell lines. 
 
6.2.2 Testing of Cur-Na+ against oesophageal cancer 
The curcumin salt that was produced was also tested against the oesophageal 
cancer cell line, giving very positive results (Figure 4.3), especially compared to that 
of the original curcumin.  Here we see a drastic decrease in the IC 50 value from 
7.54 to 4.53 µM.  Because the curcumin salt is water soluble and is therefore more 
easily taken up by cells, this will lead to the increased activity of the salt, compared 
■ IC 50: 7.54 
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to the already effective curcumin.  This shows great promise in the use as 
therapeutic agent. 
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Figure 6.3: Testing of the curcumin salt (Cur- Na+) against oesophageal cancer. 
 
6.2.3 Testing of H4salt against oesophageal cancer 
The effect of H4salt on the oesophageal cancer cell line is shown in Figure 6.5, 
where the IC 50 was found to be 8.07µM. When this is compared to that of curcumin, 
there is only a slight increase in the value (7.54 to 8.07), indicating that this 
compound could have great efficiency in acting against the cancer cell line.  The 
slight increase in the IC 50 value could be attributed the absence of the methoxy 
group on the phenyl ring. 
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Figure 6.4: Line structure of H4salt. 
 
■ IC 50: 4.93
 
 ■ IC 50: 7.54 
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Figure 6.5: Effects of H4salt on oesophageal cancer cell lines. 
 
6.2.4 Testing of Hbeb against oesophageal cancer 
Figure 6.7 shows the decrease in the cancer cells with the change in concentration 
of the ligand Hbeb.  The IC 50 value was determined to be 28.67 µM, which is rather 
high compared to that of very effective drugs, but does show great promise in its use 
as a therapeutic drug. 
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Figure 6.6: Line structure of Hbeb. 
 
■ IC 50: 8.07
 
 ■ IC 50: 7.54 
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Figure 6.7: Graph showing the effect of Hbeb on the osophageal cancer cell line. 
 
6.2.5  Testing of Hbpb against oesophageal cancer 
When looking at the effects of ligand Hbpb on the oesophageal cancer cell lines 
(Figure 6.9), the IC 50 value was found to be 18.24 µM.  Compared to that of Hbeb, 
there is a noticeable decrease in the value (28.67 to 18.24), indicating that this 
compound has greater efficiency in acting against the cancer cell line.  This increase 
in efficiency could be attributed to the presence of the phenyl rings instead of the 
ethyl chains. 
 
Br
N
H
O
N
S
 
Figure 6.8: Line structure of Hbpb. 
 
IC 50: 28.67 
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Figure 6.9: Effects of Hbpb concentration on oesophageal cancer cells. 
 
6.2.6  Testing of [ReOBr2(PPh3)(beb)] against oesophageal cancer 
The effect of [ReOBr2(PPh3)(beb)] is illustrated in Figure 6.11. The IC 50 value of 
43.67 µM is greater than that of the ligand (Hbeb) alone, therefore showing that this 
complex is less effective against the cancer. The decrease in activity could be due to 
the fact that the O and S are now bonded to the rhenium, making them unavailable 
to act against the cancer cells. 
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Figure 6.10: Line structure of [ReOBr2(PPh3)(beb)]. 
IC 50: 18.24 
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Figure 6.11: Effects of [ReOBr2(PPh3)(beb] on the oesophageal cancer cell line. 
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Chapter 7 
 
Conclusion and Future Work 
 
The successful synthesis and characterization of rhenium complexes with a variety 
of different ligands are represented in this study.  Ligands containing sulfur, oxygen 
and nitrogen donor atoms were used, resulting in multidentate coordinations.  These 
coordination reactions with rhenium led to interesting complexes which had unusual 
structural and chemical properties. 
 
The use of benzamide derivatives resulted in the coordination through a sulfur and 
oxygen atom or though only the sulfur donor atom.  Different derivatives reacted 
differently to the rhenium complexes, resulting in complicated coordinations. 
 
In Chapter 4 curcumin and analogues of curcumin were reacted with rhenium 
complexes.  It was found that curcumin has some difficulty in reacting with rhenium 
starting complexes.  The analogue produced with the similar side-chain moieties 
(2,4-bis(vanilidene)thiocarbohydrazide (H4vant)), also had difficulty in coordinating.  
This led to the conclusion that the presence of the methoxy moiety on the phenyl ring 
makes coordination problematic.  Once this methoxy group was removed as in 1,5-
bis(salicylidene)thiocarbohydrazide (H4salt), coordination occurred resulting in mono-
, bi- and tridentate coordinations of the ligand. 
 
The reactions of rhenium with Schiff base ligands were explored in Chapter 5.  Two 
complexes were synthesised.  Both were found to be dimers.  In the case of N-(2-
aminophenyl)salicylideneimine (H3pna), it coordinated tridentately, and interestingly 
each dimer had a different counter-ion, being a perrhenate and a bromide.  4-[(2-
Hydroxyphenyl)imino]-2-pentanone (H2hpa) resulted in each dimer only having an 
iodide counter-ion and also coordination in a “2+1” fashion. 
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Some complexes were tested against oesophageal cancer cell lines.  It was found 
that curcumin and its water-soluble salt were effective in the action against these cell 
lines.  The H4salt ligand also had great promise; this could be due to the fact that it is 
about the same size as the curcumin molecule.  Interestingly the activity of the 4-
bromo-N-(diethylcarbamothioyl)benzamide (Hbeb) and 4-bromo-N-
(diphenylcarbamothioyl)benzamide (Hbpb) ligands dropped once they were 
coordinated to rhenium, leading to the idea that its activity is based across the 
oxygen-sulfur moiety. 
 
In future the ligands produced in this study will be extended in order to have greater 
similarity to curcumin and thereby increasing their effectiveness in the activity 
against cancer cell lines.  The complexes which were produced, but not yet tested, 
will also be tested against the cancer cell lines in order to determine how effective 
they are and what response the presence of the rhenium has on this effectivity. 
